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I apply a suite of seismic techniques to investigate iceberg calving at large glaciers
around Greenland. Iceberg calving accounts for up to half of the Greenland Ice Sheet’s
annual mass loss, which makes understanding the physics of the calving process vital
to gaining a clear picture of current behavior and future evolution of the Greenland
Ice Sheet. However, the varied and complex modes of calving behavior at individual
glaciers, paired with the challenges to data collection presented by an actively calving
glacier, mean that much remains unknown about the dynamics of calving at marine-
terminating glaciers. Seismic data offer a unique opportunity to study this active
phenomenon, by allowing remote observation of calving events and quantification of
the forces active during calving.
Using seismic data collected during the most productive three years of buoyancy-
driven calving on record, I estimate the forces active during iceberg calving at 13
glaciers around Greenland. My waveform-modeling results highlight the large number
of buoyancy-driven calving events currently occurring at Jakobshavn Isbræ and other
glaciers in west Greenland. I demonstrate that a glacier’s grounded state exerts control
on the production or cessation of rotational calving events and investigate the dynamics
of calving at individual glaciers. I pair seismic results with terminus imagery to identify
the location of individual calving events within calving sequences that occur over days
to weeks at a single glacier terminus.
By applying a new cross-correlation technique to seismic data collected within
100 km of three of Greenland’s largest glaciers, I identify the occurrence of buoyancy-
driven calving events with iceberg volumes up to two orders of magnitude smaller than
previously observed. These small calving events frequently occur within ∼30 minutes of
a larger calving event. In between calving sequences, a glacier terminus changes little,
suggesting that the majority of ice lost from marine-terminating glaciers occurs through
these sequences. I estimate that these small events may contribute up to 30% more to
dynamic mass loss than previously thought (up to 15 Gt/yr). I find no evidence of the
cliff failure predicted by the marine-ice-cliff-instability hypothesis, in which catastrophic
failure occurs when an ice cliff reaches a theoretical maximum-height limit, despite the
three glaciers I investigate in detail having some of the tallest ice cliffs in the world.
I use independent constraints on iceberg size from high-quality terminus imagery to
present the first demonstration of an empirical relationship between glacial-earthquake
magnitude and iceberg size. I investigate this relationship further by considering addi-
tional metrics of glacial-earthquake magnitude, and find advantages to using maximum
force, rather than the more commonly employed mass-distance product MCSF , as a
measure of glacial-earthquake size.
Through a detailed investigation into the character of the glacial-earthquake source,
I identify key characteristics of the source function that generates the glacial-earthquake
signal. I use experiments on both synthetic and observed waveforms to demonstrate
that more-accurate estimates of glacial-earthquake size can be retrieved using source
models constructed using a representation of the force history that is more sophisticated
than that captured by the simple boxcar model. I confirm the presence of a correlation
between iceberg volume and glacial-earthquake size, which moves us closer to having
the ability to use remotely recorded seismic signals to quantify mass loss at Greenland
glaciers. This work presents testable hypotheses for future model development.
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Greenland’s ice sheet extends across 1.7 million km2 and has undergone dramatic
changes in recent years. Over the past two decades, the Greenland Ice Sheet has lost
more mass annually than it has gained through snowfall, leading to an overall trend of
mass loss at an accelerating rate (Khan et al., 2015). The changes that the Greenland
Ice Sheet is undergoing have far-reaching effects. If fully melted, the ice within the
Greenland Ice Sheet would raise global sea level by 7 m (Lemke et al., 2007) which
would profoundly influence global ocean-circulation patterns (e.g., Böning et al., 2016).
A clear understanding of how the Greenland ice sheet is behaving today, and of the
processes that may affect its behavior in the future, is therefore vital.
The most significant changes to Greenland’s mass balance are occurring at the ice
sheet’s margins (e.g., van den Broeke et al., 2009). In these regions, ice sits at low
elevations where warm air temperatures drive melting. In addition, along significant
portions of Greenland’s coastline, ice in the lower reaches of marine-terminating glaciers
comes into direct contact with ocean water, where it is subject to both submarine
melting and iceberg calving. These mass-loss processes at the glacier terminus have
a significant impact on the entire ice-sheet mass balance, as these processes not only
impact the volumes of ice removed from the lowermost portions of the glacier, but also
affect the velocity of a glacier tens of kilometers inland (Nettles et al., 2008). Our ability
to understand the current ice-sheet system and accurately project its future behavior
depends in large part on understanding and correctly accounting for the processes
1
occurring at the glacier terminus.
Iceberg-calving events are responsible for up to half of the ice lost annually from
the Greenland ice sheet in recent years (Enderlin et al., 2014). The largest of these
calving events occur at marine-terminating glaciers where a single calving iceberg can
routinely remove up to a cubic kilometer of ice (e.g., James et al., 2014). Because
glaciers exhibit a range of calving styles, and data collection is difficult at actively
calving termini, development of a unified calving law has proved difficult, and the
glaciology community lacks answers to many questions about the drivers of iceberg
calving. This deficit stands in the way of a comprehensive understanding of ice-sheet
evolution, and is a major source of uncertainty in projecting future ice-sheet mass
balance and estimating sea-level rise under different climate scenarios (e.g., Nick et al.,
2013).
Glacial environments are rich sources of seismic energy, which is generated by nu-
merous brittle-failure and mass-movement processes such as iceberg calving, crevassing,
and englacial and subglacial water transport. The elastic waves produced by these pro-
cesses readily couple with the solid Earth and travel long distances, which allows study
of glacier deformation and the forces active during calving from teleseismic distances.
The largest seismic signals emitted by glaciers are the magnitude ∼5 events known
as glacial earthquakes (Ekström et al., 2003) which are generated by buoyancy-driven
calving of icebergs up to 1 km3 in volume. Glacial earthquakes occur when a tall, narrow
iceberg capsizes against a glacier’s terminus, and the rotating iceberg and the water it
displaces exert a force on the calving front (Nettles and Ekström, 2010; Murray et al.,
2015a). These long-period seismic events are recorded by the Global Seismographic
Network (GSN) at locations thousands of kilometers away from the source glacier. As
I demonstrate in the first chapter of this dissertation, glacial earthquakes occur only
when a glacier terminates close to its grounding line, a condition that is satisfied by
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many of Greenland’s glaciers but is not typical of the ice margins around Antarctica.
As a result, the vast majority of glacial earthquakes occur in Greenland.
Glacial earthquakes occur more slowly than tectonic earthquakes of comparable
magnitude, and as a result they predominantly generate seismic energy at periods longer
than 25 s. These source characteristics, combined with the earthquakes’ unexpected
location along the coast of tectonically inactive Greenland, delayed their discovery
until 2003 (Ekström et al., 2003). Since then, systematic analysis has identified glacial
earthquakes at 15 of Greenland’s largest glaciers (Tsai and Ekström, 2007; Veitch and
Nettles, 2012; Olsen and Nettles, 2017), and has tracked the northward progression of
event onset at glaciers along Greenland’s west coast (Veitch and Nettles, 2012).
Much of the glacial-earthquake analysis I undertake in this dissertation is based
on a waveform-modeling technique similar to that used for centroid-moment-tensor
(CMT) analysis of tectonic earthquakes (e.g., Dziewoński et al., 1981). Gravity-driven
seismic sources such as landslides and glacial earthquakes are appropriately described
by a single force that reverses direction as a mass first accelerates and then deceler-
ates. Adaptation of the CMT formalism (Kawakatsu, 1989; Ekström et al., 2003) allows
centroid-single-force (CSF) modeling of such sources. Initial glacial-earthquake detec-
tions are identified using the surface-wave detection algorithm of Ekström (2006), which
gives initial estimates of centroid location and time. I manually select seismograms with
high-quality recordings of each glacial earthquake, typically including data from 30–40
seismic stations with high signal-to-noise ratios at the time of each event. I perform an
iterative, full-waveform CSF inversion to solve for the amplitude and orientation of the
force that generated the glacial earthquake, as well as its centroid location and time.
The excitation of seismic waves is calculated using the preliminary reference Earth
model (PREM; Dziewoński and Anderson 1981); lateral variation in velocity structure
encountered by the propagating surface waves is accounted for using the phase-velocity
3
maps of Ekström et al. (1997), following the approach of Ekström et al. (2012). In
most of this work, I use a simple, fixed model for the shape of the force function, a
choice that is explored in the later part of this thesis. For each glacial earthquake, the
solution quality is evaluated based on the stability of the estimated source parameters,
waveform fit, and other characteristics such as the azimuthal distribution of available
data constraints.
In the first chapter of this dissertation I use this waveform-modeling approach
to investigate a recent three-year period of glacial-earthquake activity that was the
most productive on record. By analyzing 139 glacial-earthquake events I expand the
glacial-earthquake catalog by nearly 50% (Olsen and Nettles, 2017). I use this robust
catalog of recent events to investigate the relationship between the occurrence of glacial
earthquakes and a glacier’s grounding state, as well as to investigate calving patterns
at individual glaciers and constrain the timing of changes in terminus geometry.
Glacial earthquakes have historically been identified using the surface-wave detec-
tion algorithm of Ekström (2006) and seismic data recorded primarily at stations within
the GSN. Over the past decade the Greenland Ice Sheet Monitoring Network (GLISN;
Clinton et al. 2014) has greatly improved broadband seismic instrumentation around
Greenland through high-quality installation of seismometers both on and off the ice
sheet, including a limited number of stations located within 100 km of some of the
largest glaciers. In the second chapter of this dissertation I use this improved instru-
mentation to investigate seismic signals with amplitudes below the detection threshold
of the automated detector. Using a cross-correlation detection technique I identify
small, long-period seismic signals, concentrating my efforts on the hours immediately
preceding and following cataloged glacial earthquakes. I investigate the possibility of
a triggering mechanism preceding large-scale calving in locations where ice cliffs reach
∼100 m tall, a theoretical limit for cliff stability (Bassis and Walker, 2012), and evaluate
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the buoyancy-driven calving budget.
An understanding of the relationship between iceberg volume and glacial-earthquake
magnitude has long been sought. Determination of such a relationship would allow
remote estimation of mass loss through calving at glaciers around Greenland using
permanent seismic stations, without the need for deployment of local instruments, day-
light, or cloud-free skies for clear observations. Scaling relationships between seismic
magnitude and source area are applied to aid understanding of tectonic earthquakes
and landslides, but development of such a relationship for glacial earthquakes has been
hindered in part by the relatively narrow range of magnitude values displayed by events
in the glacial-earthquake catalog (Tsai and Ekström, 2007; Veitch and Nettles, 2012;
Olsen and Nettles, 2017). However, my discovery and analysis of glacial earthquakes
generated by smaller icebergs, combined with robust iceberg-volume estimates from
ground-based high-frame-rate imagery, allows me to demonstrate an empirical relation-
ship between iceberg area and one measure of iceberg size, the CSF amplitude MCSF
(Olsen and Nettles, 2019).
MCSF is calculated by twice integrating the force-time function returned in wave-
form modeling, and this metric has known limitations because of its dependence on
assumptions made about the force-time history of the seismic source. I devote the
third chapter of this dissertation to an in-depth investigation of the seismic source of
glacial earthquakes, and the effect that source-modeling choices have on the recovery of
glacial-earthquake source parameters. I construct and test a suite of more-sophisticated
models of the glacial earthquake source against both synthetic and observed glacial-
earthquake waveforms. I incorporate new constraints on the character of the glacial-
earthquake force history from numerical models (Sergeant et al., 2018) and laboratory
and field observations of calving (Murray et al., 2015a; Cathles et al., 2015). I identify
key model characteristics that affect recovery of source parameters, and investigate the
5
correlation of maximum force with iceberg mass.
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Chapter 1
Patterns in Glacial-Earthquake Activity
Around Greenland, 2011–2013
This chapter has been previously published as:
Olsen, K. G., and M. Nettles (2017), Patterns in Glacial-Earthquake Activ-
ity Around Greenland, 2011–13, Journal of Glaciology, 63 (242), 1077–1089,
10.1017/jog.2017.78.
Abstract
Glacial earthquakes are caused by large iceberg calving events, which are an im-
portant mechanism for mass loss from the Greenland ice sheet. The number of
glacial earthquakes in Greenland has increased six-fold over the past two decades.
We use teleseismic surface waves to analyze the 145 glacial earthquakes that oc-
curred in Greenland from 2011 through 2013, and successfully determine source
parameters for 139 events at 13 marine-terminating glaciers. Our analysis in-
creases the number of events in the glacial-earthquake catalog by nearly 50 %
and extends it to 21 years. The period 2011–13 was the most prolific three-year
period of glacial earthquakes on record, with most of the increase over earlier
years occurring at glaciers on Greenland’s west coast. We investigate changes in
earthquake productivity and geometry at several individual glaciers and link pat-
terns in glacial-earthquake production and cessation to the absence or presence
of a floating ice tongue. We attribute changes in earthquake force orientations
to changes in calving-front geometry, some of which occur on timescales of days
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to months. Our results illustrate the utility of glacial earthquakes as a remote-
sensing tool to identify the type of calving event, the grounded state of a glacier,
and the orientation of an active calving front.
1.1 Introduction
Icebergs calved from marine-terminating glaciers currently account for up to half of
the ∼400 Gt of ice lost annually from the Greenland ice sheet (Enderlin et al., 2014).
Some large calving events (∼1 Gt of ice) cause glacial earthquakes of seismic magnitude
MSW ∼5 (Ekström et al., 2003). Globally detectable seismic signals are generated when
icebergs that extend the full thickness of the calving front rotate and accelerate away
from a near-grounded glacier terminus (Amundson et al., 2008; Nettles et al., 2008;
Tsai et al., 2008; Nettles and Ekström, 2010; Veitch and Nettles, 2012; Murray et al.,
2015a). The iceberg acceleration produces a horizontal force on the solid Earth in a
direction approximately perpendicular to the calving face (Tsai and Ekström, 2007;
Nettles and Ekström, 2010; Veitch and Nettles, 2012), while a pressure drop behind the
calving iceberg produces a small upward-directed force (Murray et al., 2015a).
The glacial-earthquake record provides a uniquely long-term and year-round time
series of calving at Greenland’s glaciers. Many glaciers lack field observations entirely,
and even field campaigns at the best-studied glaciers collect data over a limited number
of seasons. Satellite images offer incomplete records of large calving events due to the
low time resolution of repeat imagery and to data gaps associated with cloud cover
and winter darkness. By contrast, the continuous glacial-earthquake record provides
information about changes to the geometry of a glacier’s terminus between satellite
image acquisitions and closely constrains the timing of rotational calving events. The
glacial-earthquake record also complements other types of observations by providing
information on the forces that are active during rotational calving events and by iden-
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tifying a glacier’s grounded state.
Over the past two decades, the region over which glacial earthquakes occur has
expanded northward in Greenland (Veitch and Nettles, 2012) and the number of earth-
quakes has increased by a factor of six (Ekström et al., 2006; Nettles and Ekström,
2010), consistent with other observations of increased calving, mass loss and glacier
thinning around Greenland (Howat et al., 2007; Howat and Eddy, 2011; Moon et al.,
2012; Murray et al., 2015b; Harig and Simons, 2016). Patterns at individual glaciers
correspond to independently observed changes in glacier dynamics: glacial-earthquake
occurrence typically increases as a glacier accelerates, thins, and retreats (Veitch and
Nettles, 2012).
Glacial earthquakes can be modeled as a single force using an approach developed
for seismic analysis of landslides (Kawakatsu, 1989; Ekström et al., 2003; Tsai and Ek-
ström, 2007; Veitch and Nettles, 2012). In this study, we use the methods employed
by Tsai and Ekström (2007) and Veitch and Nettles (2012) to model waveforms for
145 glacial earthquakes that occurred between 2011 and 2013 (Figure 1.1). Our results
increase the glacial-earthquake catalog by 46 % and allow us to assess the recent be-
havior of individual glaciers and analyze regional trends. We investigate patterns in
glacial-earthquake production and cessation and changes in earthquake force orienta-
tion, comparing our results with constraints from satellite remote-sensing data.
1.2 Data and Methods
1.2.1 Glacial-Earthquake Detection
We identify glacial earthquakes using the approach of Ekström (2006), which uses
intermediate-period (35–150 s) Rayleigh waves to identify seismic events. The long
source durations (∼50 s) of the earthquakes result in seismograms depleted in high-
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frequency energy and make the events imperceptible to standard short-period body-
wave detection algorithms (Ekström et al., 2003). Detections are made using seismic
data recorded by the IRIS-USGS Global Seismographic Network (GSN), GEOFON,
GEOSCOPE, and MedNet Networks, and the Greenland Ice Sheet Monitoring Network
(GLISN). The long wavelengths of the surface waves used by the detection algorithm
(a 50-s Rayleigh wave has a wavelength of ∼200 km) lead to initial detection locations
with uncertainties of 50–80 km (Ekström, 2006; Veitch and Nettles, 2012). We use the
detection locations and times as inputs for waveform modeling for all events.
The event detector is run in near-real time and again several months later to
include delayed seismic data. All events detected using the full dataset, including those
initially detected in near-real time, are labeled ‘standard’ detections. A few events
are identified only during the initial near-real-time processing; we label these ‘NRT’
detections. We perform waveform analysis on both standard and NRT detections and
present the solutions for both types in the interest of catalog completeness. However,
because NRT detections are not available for the earliest years of the catalog, we include
only the standard detections in our discussion of spatiotemporal trends, consistent with
previously published results (Tsai and Ekström, 2007; Veitch and Nettles, 2012). At
the beginning of 2014, changes to the event detector altered the magnitude threshold
for glacial-earthquake detection. We present data in this study only through the end
of 2013 in order to allow direct comparison of the numbers of glacial earthquakes in
2011–13 with the previously published catalog of events from 1993–2010.
1.2.2 Waveform Modeling
Following previous authors (Tsai and Ekström, 2007; Veitch and Nettles, 2012), we use a
centroid-single-force (CSF) approach (Kawakatsu, 1989; Ekström et al., 2003) to model
the forces active during glacial earthquakes. We estimate six source parameters: the
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centroid time shift from the original detection time, the centroid latitude and longitude,
and the three components of the force vector. A summary measure of the earthquake
size, MCSF , analogous to the seismic scalar moment for tectonic earthquakes, is derived
by integrating the force-time history twice. Though glacial earthquakes occur at Earth’s
surface, previous experiments confirm that modeling results are only weakly sensitive
to the choice of source depth above 15 km (Veitch and Nettles, 2012). We calculate
source excitation in the preliminary reference Earth model (PREM; Dziewoński and
Anderson, 1981), and fix the source depth at 4 km to take into account the 3-km-thick
ocean layer in that model.
We filter the seismograms to ground velocity in the period band 50–150 s or to
displacement in the period band 40–100 s. Stations within 50◦ epicentral distance of
the events generally show the highest-quality seismograms, and we handpick ∼30 of
these stations to use for each event, aiming for good azimuthal coverage. Vertical-,
transverse-, and longitudinal-component seismograms are considered and all three are
used when possible. We perform full-waveform inversions using the CSF approach for
all events in our dataset. Consistent with previous studies (Ekström et al., 2003; Tsai
and Ekström, 2007; Veitch and Nettles, 2012), we specify a force-time function with a
duration of 50 s such that a constant force acts on the Earth for 25 s as the iceberg
accelerates and then reverses sign for an additional 25 s as the iceberg decelerates. We
evaluate our inversion results based on the fit of synthetic seismograms to the data,
stability of the source parameters, and residual variance of the solution, using criteria




We analyzed a total of 145 glacial earthquakes in Greenland during 2011–13: 105
standard detections (Figure 1.2), one poorer-quality standard detection, and 39 NRT
detections. We obtained satisfactory solutions for all but six of the events. The
source parameters are listed in Table 1 and are available electronically on our website,
www.globalcmt.org. As in previous studies, our centroid locations lie systematically
closer to glacier calving fronts than the initial detection locations, which allows us to
identify the source glacier for each glacial earthquake. The events in our dataset have
CSF amplitudes ranging from 0.13×1014 kg m to 1.1×1014 kg m with a median value
of 0.31×1014 kg m. These amplitudes are very similar to those found by Veitch and
Nettles (2012). We observe glacial-earthquake force vectors generally oriented normal
to the calving front (Figure 1.3). In Table 1 and throughout the text, we present all
force azimuths in degrees east of north.
The majority of the glacial earthquakes we analyze occur at twelve previously
documented source glaciers around Greenland (Tsai and Ekström, 2007; Veitch and
Nettles, 2012). Over 65 % of the events produced each year between 2011 and 2013
occurred at glaciers on Greenland’s west coast (Figure 1.2). We document two events
at Sermeq Silardleq, a glacier on Greenland’s west coast where glacial earthquakes
have not previously been recorded. We do not observe any events at Rolige Bræ or
Daugaard-Jensen Glacier, both of which are located on Greenland’s east coast and
previously produced glacial earthquakes (Figure 1.1; Tsai and Ekström, 2007; Veitch
and Nettles, 2012).
Noisy data prevent good solutions for two of the glacial-earthquake detections,
at Tracy Glacier and Upernavik Isstrøm. We are also unable to obtain satisfactory
CSF solutions for four events on the southeast coast of Greenland. For these events,
we are unable to identify the source glacier confidently, though the events appear to
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occur in the region bounded by Helheim Glacier and Køge Bugt. We have manually
inspected the detection stacks for all six events and confirmed that the detections
represent earthquake signals, very likely originating from glacial earthquakes. Detection
parameters for these events are included in Table 2.
1.4 Discussion
1.4.1 Glacial-Earthquake Distribution Patterns
The annual number of glacial earthquakes has increased significantly since 1993 (Tsai
and Ekström, 2007; Veitch and Nettles, 2012), and 2011–13 was the most prolific three-
year period of glacial-earthquake production on record. Most of the increase in earth-
quake numbers is due to increased production on the west coast. The years 2011–13
produced the largest number of glacial earthquakes in western Greenland ever recorded,
continuing a trend of increased production at west-coast glaciers that began in 2000.
During this period, three times as many glacial earthquakes occurred on Greenland’s
west coast as on the east coast (Figure 1.2). Seven glaciers each produced twice as many
glacial earthquakes as in the preceding three years. All of these glaciers are located
in western Greenland: Jakobshavn Isbræ, Upernavik Isstrøm, Alison Glacier, Tracy
Glacier, Rinks Glacier, Hayes Glacier, and Giesecke Bræer. In addition, we record two
glacial earthquakes at a previously quiescent glacier on Greenland’s west coast.
1.4.2 Links Between Glacier Dynamics and Glacial
Earthquakes
The ongoing production of glacial earthquakes, primarily at glaciers with previously
documented earthquakes, is consistent with continued retreat and calving at these
glaciers (e.g., Carr et al., 2013) and ongoing mass loss from western Greenland (Velicogna
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et al., 2014). In the remainder of this section, we focus on six glaciers where the glacial
earthquakes show unexpected or unusual behavior that allows us to examine particu-
lar aspects of the link between glacial earthquakes and glacier dynamics. We consider
changes in earthquake occurrence rate in the context of a proposed grounding-condition
control on these events, motivated in part by increasing interest in determining the
grounded state of a glacier terminus (e.g., Hogg et al., 2016). Previous observations
have linked the occurrence of glacial earthquakes to conditions at the glacier terminus,
with glacial earthquakes occurring only at glaciers with near-grounded termini (Veitch
and Nettles, 2012; Murray et al., 2015c).
The association between a nearly grounded terminus and earthquake occurrence
is likely explained primarily by the control the grounding condition exerts on calving
style: floating termini generally calve large, tabular icebergs that do not rotate and
do not generate earthquakes (Amundson and Truffer, 2010; Veitch and Nettles, 2012),
and nearly grounded termini calve smaller, tall icebergs that capsize (Amundson et al.,
2008; Veitch and Nettles, 2012; Murray et al., 2015c). Murray and others (2015a,c) have
argued for a close link between a buoyant-flexure calving mechanism and the glacial
earthquakes, with the same buoyancy force that drives formation of basal crevasses and
leads to calving causing the iceberg capsize that generates the earthquake signal.
We also evaluate changes in glacial-earthquake force azimuths to assess the vari-
ability that may occur at individual glaciers. Observed force azimuths generally agree
well with the normal to the section of the terminus that produced the calving iceberg
(Veitch and Nettles, 2012, 2017; this study). We consider force azimuths that deviate
from long-term trends at several glaciers to evaluate links to changes in glacier geom-
etry and calving style. Figure 1.4 shows time series of glacial earthquakes at the six
glaciers we examine in detail, and Figure 1.5 shows the geometries of these glaciers’
calving fronts along with force azimuths of recent glacial earthquakes.
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1.4.3 Jakobshavn Isbræ
Jakobshavn Isbræ, Greenland’s largest outlet glacier, has alternated between years
when it maintained a floating ice tongue and did not produce recorded glacial earth-
quakes (1993–97 and 2000–04) and years when the calving margin was near a grounding
line or pinning point and the glacier produced glacial earthquakes (1998–99 and 2005–
13; Veitch and Nettles, 2012; this study). From 1998 through 2012, Jakobshavn Isbræ
produced no more than seven glacial earthquakes in any one year (Figure 1.4). In
2013, Jakobshavn produced sixteen events, more than 50 % of the total number of
events on Greenland’s west coast and 38 % of the total number of glacial earthquakes
in Greenland that year.
The ice dynamics, geometry, and position of Jakobshavn’s calving front in 2013
illustrate the ideal conditions for glacial-earthquake production. Increased ice veloci-
ties have previously been linked to increased glacial-earthquake production (Veitch and
Nettles, 2012). Ice velocities near Jakobshavn’s terminus increased by 50 % between
summer 2011 and 2012, and summer velocities in 2012 and 2013 included the fastest
ice speeds, up to 17 km a−1, ever recorded at an outlet glacier or ice stream in Green-
land (Joughin et al., 2014). In 2013, the glacier occupied the most-retreated terminus
position observed there (Joughin et al., 2014). During 2013, Jakobshavn’s terminus
was very close to flotation, and therefore in a position favorable for buoyancy-driven
calving (James et al., 2014), which produces glacial earthquakes (Murray et al., 2015a).
During the three winters prior to 2013, Jakobshavn’s terminus advanced less than it
had during any of the preceding ten winters (Cassotto et al., 2015). Reduced readvance
and a diminished floating ice tongue would be expected to hasten the onset of glacial
earthquakes in the spring. We speculate that the high numbers of glacial earthquakes
produced in 2013 compared to 2011 and 2012 were caused by an earlier onset of mélange
breakup in 2013. In 2013, glacial-earthquake production began in March and continued
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through September, in contrast to the previous two years when the summer onset of
glacial earthquakes occurred in June. The presence of a strong ice mélange in contact
with Jakobshavn’s terminus has been observed to inhibit calving events (Amundson
et al., 2010; Cassotto et al., 2015). The early onset of glacial earthquakes in 2013
suggests that Jakobshavn lacked a strong, rigid mélange that spring, possibly due to
unusually warm sea-surface temperatures like those observed in the fjord during the
winters of 2010, 2011, and 2012 by Cassotto and others (2015).
Most glacial-earthquake force azimuths at Jakobshavn Isbræ are consistent with
calving at the glacier’s southern terminus. The Jakobshavn terminus is unusually broad,
being fed by two separate regions of fast-flowing ice, which now terminate in two sepa-
rate calving fronts (Figure 1.5). The terminus widened to its current geometry in 2004,
when it retreated beyond the confines of its rock-bounded fjord (Dietrich et al., 2007).
Veitch and Nettles (2017) show that glacial-earthquake force orientations between 2005
and 2010 are consistent with sources on the southern calving front, which is associated
with the faster-flowing of the two ice streams. With one exception, all glacial earth-
quakes between 2011 and 2013 also have force azimuths consistent with the southern
calving front (∼130◦, Figure 1.5), suggesting that this remains the source of recent
glacial earthquakes. The single earthquake with an anomalous force azimuth, of 8◦,
occurred in 2011. This azimuth falls within the range of calving-front-normal orienta-
tions found along the fast-flowing portion of the northern section of the calving front.
No glacial earthquakes with this force orientation have previously been documented,
though the northern section of the calving front is known to calve actively, and had ice
velocities of ∼2.5 km a−1 from 2011–13 (Joughin et al., 2008b, 2014).
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1.4.4 Alison Glacier
After 25 years with a stable terminus position, Alison Glacier on Greenland’s northwest
coast began a rapid retreat in the summer of 2001 (Carr et al., 2013). From 2001–06,
the glacier retreated ∼8.5 km (McFadden et al., 2011; Carr et al., 2013) and produced
its first glacial earthquakes: one each year in 2003, 2005, and 2006 (Veitch and Nettles,
2012). During 2007 and 2008 the terminus position stabilized again (McFadden et al.,
2011). The glacier produced four earthquakes in 2007 and two earthquakes in 2008
(Veitch and Nettles, 2012). Through 2008, all glacial earthquakes at Alison had force
azimuths oriented perpendicular to the northern portion of the glacier’s calving margin
(Veitch and Nettles, 2012; see also Figure 1.6). No glacial earthquakes occurred in 2009
or 2010, though the terminus continued to retreat (Carr et al., 2013). Landsat images
from the summer calving seasons in these years show large, tabular icebergs in the fjord,
consistent with the aseismic calving expected from a floating glacier tongue. The hiatus
in glacial-earthquake production from 2009–10 despite continued retreat suggests that
Alison Glacier may have dynamically thinned to flotation during these years.
Glacial earthquakes resumed at Alison Glacier in the summer of 2011 and we
observe a distinct change in glacial-earthquake force orientation between June and July
of that year. A glacial earthquake at Alison Glacier on 29 June 2011 had a force azimuth
of 55◦, perpendicular to the northernmost portion of the calving front and similar to
all previously documented glacial-earthquake force orientations at this glacier (Fig1.6).
One month later, on 27 July 2011, a glacial earthquake occurred with a force azimuth
oriented 143◦, nearly perpendicular to the orientation of the preceding event. Three
subsequent glacial earthquakes recorded at Alison Glacier in 2012 and 2013 have force
orientations similar to the July 2011 event and ∼105◦ from the mean orientation of
all pre-2011 events. No further events with force azimuths aligned with the pre-2011
events were recorded through 2013 (Figure 1.5).
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During the two weeks prior to the change in glacial-earthquake force orientation in
July 2011, Landsat imagery shows the northernmost portion of Alison Glacier retreating
to a rock outcrop, where it remained fixed through the end of 2013. In contrast, the
central and southern portions of the terminus continued to retreat through 2013. The
four events occurring from 27 July 2011 onwards all had force azimuths consistent with
calving from the southern portion of the terminus. We interpret the observed change
in force azimuths as reflecting a change in the portion of the calving margin responsible
for seismogenic calving events, as well as reflecting the overall change in calving-front
orientation that occurred between 2008 and 2011.
1.4.5 Helheim Glacier
Helheim Glacier has produced glacial earthquakes every year since 1996, but has ex-
hibited significant year-to-year variability in the number of events produced (Figure
1.4). During the early 2000s, Helheim produced increasing numbers of glacial earth-
quakes (Tsai and Ekström, 2007) as it thinned, accelerated, and retreated. The glacier
reached a minimum position in its fjord in summer 2005 after retreating 4 km between
August 2004 and August 2005 (Howat et al., 2005). During 2006, the terminus position
advanced (Joughin et al., 2008a) and re-stabilized (Bevan et al., 2012). The annual
number of glacial earthquakes has been variable since that time (Veitch and Nettles,
2012; this study). During 2011, 2012, and 2013 Helheim produced one event, seven
events, and nine events. The glacier maintained a relatively stable calving-front posi-
tion throughout 2011, 2012, and the first half of 2013, before advancing ∼3 km during
the end of 2013 and beginning of 2014 (Kehrl et al., 2017).
The force orientations of glacial earthquakes at Helheim have evolved over time
(Veitch and Nettles, 2012, 2017; Figure 1.7). Through 2005, the mean force azimuth
was 96◦. After the advance and stabilization of the terminus in 2006, force azimuths
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at Helheim Glacier changed markedly, with a mean of 120◦ for earthquakes in 2006–13.
Comparison between glacial-earthquake force orientations and calving-front orienta-
tions by Veitch and Nettles (2017) suggest that the source of seismogenic calving events
at Helheim Glacier shifted from the southern portion of the calving front to the northern
portion in 2005. Consistent with this interpretation, observations from summer 2013
show flexion zones only on the north side of the glacier terminus (Murray et al., 2015c).
Flexion zones are linked with basal crevasses and the future detachment location of
capsizing icebergs, and their presence along the northern portion of the calving margin
suggests that this portion of the ice experiences the forces required for buoyancy-driven
rotational calving. The absence of flexion zones along the southern portion of the calv-
ing front suggests that this portion of the terminus may not calve through the same
mechanism (Murray et al., 2015c), explaining a lack of glacial earthquakes on the south-
ern side of the glacier. The mean force orientation of glacial earthquakes between 2011
and 2013 (Figure 1.5) is within two degrees of the mean value from 2006 through 2010,
suggesting that the northern portion of the calving front remained the source of glacial
earthquakes from 2011 through 2013. The synchronous change in force azimuths and
terminus position before and after the rapid retreat in 2005 suggests that the position
of the glacier’s terminus within the fjord is the main control on terminus geometry and
glacial-earthquake orientation (Figure 1.7).
1.4.6 Kangerdlugssuaq Glacier
Kangerdlugssuaq Glacier was one of the most active producers of glacial earthquakes
from 1993 through 2012 (Veitch and Nettles, 2012; this study). No glacial earthquakes
were detected during 2013, for the first time since 1993 (Figure 1.4). The glacier
maintained a relatively steady mean calving-front position through 2004, before re-
treating ∼5 km during 2004–05 (Seale et al., 2011). By 2006, the glacier had stabilized
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and resumed steady seasonal cycles of advance and retreat (Seale et al., 2011), with
earthquakes occurring during the retreat phase. During the first half of 2013, Kangerd-
lugssuaq advanced and produced a floating ice tongue, moving the calving front ∼6 km
down the fjord (Kehrl et al., 2017). Satellite imagery of Kangerdlugssuaq in 2013 indi-
cates that, during the glacier’s advance, no large icebergs of any kind were produced.
When retreat began late in the year, tabular icebergs made up the largest fraction of
icebergs produced by the glacier, and few non-tabular icebergs were observed (Kehrl
et al., 2017). The lack of seismicity in 2013 is consistent with our understanding that
a glacier’s calving margin must be near its grounding line to produce the kind of non-
tabular, capsizing icebergs that are responsible for glacial earthquakes, while a floating
glacier tongue will not produce glacial earthquakes.
1.4.7 Kong Oscar Glacier
The terminus position at Kong Oscar Glacier has been one of the most stable in the
region since 2002, when the glacier is believed to have grounded and glacial earth-
quakes began to occur (Figure 1.4; Veitch and Nettles, 2012). Excluding five events
with unusual azimuths discussed by Veitch and Nettles (2017), the mean orientation of
previously documented glacial earthquakes at Kong Oscar Glacier is ∼50◦. This orien-
tation is well aligned with the eastern portion of Kong Oscar’s calving front through
2010 (Veitch and Nettles, 2017). We analyze 16 glacial earthquakes at Kong Oscar
Glacier, of which six have azimuths that differ significantly from the majority of previ-
ously published force azimuths. The remaining 2011–13 events have a mean orientation
of ∼30◦ (Figure 1.5). This azimuth is consistent with continued calving from the eastern
portion of the terminus.
The events with unusual azimuths in 2011–13 have force azimuths of 101◦ (one
event) or 166◦–183◦ (five events). Satellite observations from 2011–13 show active
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retreat at both the western and eastern edges of the calving front. During these years,
the westernmost 2 km of Kong Oscar’s calving front was aligned approximately east–
west, consistent with production of glacial-earthquake force azimuths oriented ∼180◦.
We therefore attribute the five glacial earthquakes with force azimuths of 166◦–183◦ to
calving events along the western portion of the calving front. There is one previously
published event at Kong Oscar with an azimuth comparable to these events (Tsai
and Ekström, 2007). There is no clear explanation for the event in 2011 with a force
azimuth of 101◦, or for two previously published events at Kong Oscar Glacier in 2007
with similar force azimuths (Veitch and Nettles, 2017). The solutions for all three of
these glacial earthquakes appear robust. We examined Landsat imagery at the times
of these events in detail and are unable to identify an actively calving terminus region
that would be expected to generate seismic forces with this orientation.
A set of four glacial earthquakes at Kong Oscar in late September and early October
2013 demonstrate the possibility of rapid variation in force azimuths at a single glacier.
The earthquakes occurred over a nine-day period, and had orientations of 22◦, 173◦,
62◦, and 162◦, respectively (Figure 1.8). We interpret this sequence as a series of
calving events alternating between the western and eastern portions of the terminus.
We visually inspect three Landsat images that capture the terminus position during this
calving sequence. An image taken on 27 September 2013 shows the orientation of Kong
Oscar’s calving front before the sequence of four earthquakes. The first earthquake in
the sequence occurred on 29 September 2013 with a force orientation of 22◦. A Landsat
image taken less than two hours after this calving event shows ice missing from the
western portion of the calving front compared to the previous image. The next glacial
earthquake occurred on 3 October 2013, with a force azimuth of 173◦. Comparison of
this event with a Landsat image taken on 6 October 2013 shows that this event and
the next calving event, on 5 October 2013, removed ice from the eastern portion of the
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terminus. The final earthquake in this sequence occurred on 7 October 2013, with a
force azimuth of 162◦. The force azimuth of this event is consistent with calving from
the western portion of the terminus.
Previous studies have documented multiple seismogenic calving events at a single
glacier in close succession (Nettles et al., 2008; Walter et al., 2012; Sergeant et al.,
2016), suggesting that one calving event may trigger a second, and a wide glacier
terminus might calve by progressive failure along the width of the front. The close
alignment of glacial-earthquake force azimuths with subsections of the calving front
at Kong Oscar Glacier illustrates the utility of glacial-earthquake azimuth data in
identifying the subsection of a calving margin that generated a glacial earthquake, and
in tracking the progression of failure across a glacier’s terminus. During 2011–13, we
observe ten additional pairs of glacial earthquakes in Greenland that occurred on the
same day at a single glacier. Multiple-earthquake sequences, such as the sequence of
four events in late September–early October 2013 at Kong Oscar, suggest that failure
of one section of the calving front may alter the local stress regime enough to influence
other portions of the calving front hours to days later.
1.4.8 Sermeq Silardleq
We document two glacial earthquakes at Sermeq Silardleq (Figure 1.4; Figure 1.5), a
previously quiescent glacier that terminates in Uummannaq Bay on Greenland’s west
coast. Sermeq Silardleq is 3.3 km wide at its terminus (Jensen et al., 2016), which makes
it the smallest glacial-earthquake-producing glacier in Greenland. Between 2000 and
2010, Sermeq Silardleq experienced ∼3 km of retreat, then maintained a stable terminus
position during 2011, 2012 and 2013 (York et al., 2016). The events we observe occurred
in 2011 and 2013. The pattern of retreat, followed by the onset of glacial earthquakes,
is consistent with that seen at numerous other glaciers around Greenland. The stable
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terminus position from 2011–13, along with the onset of glacial earthquakes, suggests
that the calving front was close to grounded during all three of those years. Warm
Atlantic water is a possible cause of the retreat to the grounding line. This water is
known to enter Uummannaq Bay along a bathymetric trough in the continental shelf
(Rignot et al., 2016). Such water has been a driver of sub-glacial melting at other
glaciers in Uummannaq Bay close to Sermeq Silardleq (Chauché et al., 2014) and of
acceleration at nearby Jakobshavn Isbræ (Holland et al., 2008).
1.5 Conclusions
We analyzed three years of seismic data, 2011–13, and obtained source parameters for
139 glacial earthquakes. Our results extend the glacial-earthquake catalog to 21 years
and increase the number of events in the catalog by nearly 50 %. Our study period is the
most prolific three-year period of glacial earthquakes on record. Much of the increase
in earthquake productivity is due to glaciers on Greenland’s northwest coast, seven
of which generated twice as many glacial earthquakes during 2011–13 as during the
preceding three years. These seven glaciers accounted for 60 % of all glacial earthquakes
between 2011 and 2013, compared with only 39 % of total glacial-earthquake production
during 2008–10. Jakobshavn Isbræ alone was responsible for one third of the glacial
earthquakes on Greenland’s west coast from 2011–13. Despite the increase in glacial-
earthquake activity at glaciers along Greenland’s northwest coast, the seismic events
remain confined to glaciers south of 78◦ N. We expect this geographical limitation to
persist as long as the large glaciers along Greenland’s north and northeast coast drain
into floating ice tongues or ice shelves, which do not produce glacial earthquakes.
The expanded glacial-earthquake catalog we produce allows us to explore indi-
vidual glacier behavior in detail. We identify changes in calving behavior at several
glaciers and provide high-precision timing constraints on those changes. The presence
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of a glacial earthquake establishes the glacier’s grounded state, as these seismic events
occur only when a glacier’s terminus is near its grounding line. At Kangerdlugssuaq
Glacier we use earthquake data to document the transition from a near-grounded ter-
minus to a floating ice tongue in 2013. Glacial earthquakes also provide detailed in-
formation about the geometry and region of the calving front active during a calving
event. Sequences of glacial earthquakes can track the timing of progressive failure
across a single calving front, as we document at Kong Oscar Glacier, and the evo-
lution of calving-front orientations, as we document at Helheim and Alison Glaciers.
The seasonality of glacial earthquakes is linked to seasonal ice-front advance and re-
treat, including modulation by the strength of ice mélange in the proglacial fjord. At
Jakobshavn Isbræ, the number of glacial earthquakes dramatically increased in 2013,
following several years of unusually warm sea surface temperatures and inferred weak
mélange conditions in the fjord.
Large calving events continue to contribute significantly to mass loss of the Green-
land ice sheet. Glacial earthquakes are an increasingly effective remote-observation
tool for understanding dynamic processes and ice-ocean interactions at glacier margins.
Continued documentation and analysis of these events will be a valuable addition to
our understanding of the behavior of the Greenland Ice Sheet, as will future work to
understand better the physics of the glacial-earthquake source.
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Table 1: Centroid–single-force solutions for 139 earthquakes in this study. Columns give event number; centroid time with standard error;
centroid time shift from detection time (δt0); centroid latitude with standard error (error of .00 means error is smaller than two decimal places);
shift in latitude from detection location (δλ0); centroid longitude with standard error (error of .00 means error is smaller than two decimal places);
shift in longitude from detection location (δφ0); scaling exponent for CSF amplitude and vector; CSF amplitude MCSF , in units of kg m, to be
scaled by exponent given in the previous column (for event 1, MCSF = 3.3 x 1013 kg m); CSF vector in geographic coordinates r, θ, φ (up, south,
east), with standard errors, to be scaled by the Scale Factor; plunge of CSF vector with respect to horizontal; azimuth of CSF vector with respect to
north; and source glacier. Source glacier identifiers are consistent with Veitch and Nettles (2012) with the addition of glacier 9: 1: Kangerdlugssuaq
Glacier; 2: Helheim Glacier; 3: Southeast Greenland; 4a: Tracy Glacier; 4b: Kong Oscar Glacier; 4c: Sverdrup Glacier; 4d: Hayes Glacier; 4e:
Alison Glacier; 5a: Giesecke Bræer; 5b: Upernavik Isstrøm; 6: Rink Isbræ; 7: Jakobshavn Isbræ; 9: Sermeq Silardleq. Circles beside event
numbers denote NRT detections. ? denotes a poorer-quality standard detection.
Centroid Parameters Scale
No. Date Time Latitude Longitude Factor M CSF Vector
Y M D h m sec δt0 λ δλ0 φ δφ0 10ex CSF Vr Vθ Vφ pl. azim. reg.
1 2011 1 2 4 47 59.4±0.5 15.4 71.79±.04 -0.46 -51.57±.09 2.68 13 3.3 0.61±0.22 -2.59±0.16 1.87±0.19 -11 36 6
2 2011 1 5 21 5 31.3±0.3 11.3 68.74±.02 -0.51 -33.18±.04 -0.43 13 6.0 0.53±0.23 -5.91±0.20 -1.11±0.23 -5 349 1
3 2011 1 6 12 16 12.7±0.6 4.7 73.10±.02 -0.15 -54.10±.13 0.65 13 3.1 0.12±0.22 -0.97±0.24 2.92±0.19 -2 72 5b
4 2011 1 14 3 29 11.8±0.5 -32.2 76.11±.04 0.61 -59.51±.10 0.99 13 5.3 1.04±0.37 4.82±0.30 -1.90±0.36 -11 202 4b
5 2011 1 21 8 31 51.4±0.5 -8.6 69.23±.02 -0.27 -49.33±.08 1.17 13 2.3 0.10±0.15 -0.77±0.15 -2.16±0.12 -2 290 7
6 2011 3 24 7 48 18.1±0.4 18.1 76.12±.02 0.37 -59.49±.07 0.76 13 5.0 -0.83±0.22 -4.30±0.21 2.32±0.23 10 28 4b
7 2011 4 1 5 45 26.7±0.5 6.7 73.00±.00 0.00 -54.31±.08 0.69 13 4.3 0.42±0.25 -1.08±0.28 4.19±0.22 -5 76 5b
8 2011 5 26 20 13 28.2±0.6 16.2 73.10±.03 0.35 -54.07±.03 -0.32 13 1.5 0.17±0.09 -1.34±0.10 0.66±0.11 -7 26 5b
◦ 9 2011 6 21 14 9 33.9±0.5 5.9 66.44±.03 -0.31 -38.30±.09 -1.55 13 2.3 -0.68±0.17 1.00±0.18 2.01±0.14 17 116 2
10 2011 6 22 15 17 35.4±0.5 31.4 73.02±.01 0.02 -54.60±.13 -5.60 13 3.5 -0.45±0.22 1.72±0.24 -3.03±0.21 7 240 5b
11 2011 6 25 13 17 28.5±0.4 0.5 66.49±.00 -0.01 -38.26±.04 0.24 13 1.7 0.35±0.07 -0.82±0.11 -1.47±0.08 -12 299 2
◦ 12 2011 6 26 10 31 34.4±0.5 6.4 69.24±.03 -0.26 -49.64±.02 -0.14 13 1.7 -0.37±0.07 -0.50±0.09 -1.59±0.09 13 287 7
13 2011 6 26 17 53 35.2±0.3 7.2 76.01±.01 -0.24 -59.77±.03 0.48 13 6.2 0.96±0.23 1.17±0.30 6.06±0.21 -9 101 4b
14 2011 6 29 1 50 15.0±0.4 -1.0 74.66±.01 -0.09 -56.22±.01 0.03 13 1.9 0.10±0.07 1.12±0.10 -1.58±0.11 -3 235 4e
15 2011 7 12 21 1 33.4±0.5 13.4 69.24±.04 -0.51 -49.89±.07 2.86 13 5.0 0.10±0.46 -4.96±0.27 0.70±0.42 -1 8 7
◦ 16 2011 7 19 14 42 41.8±0.5 -6.2 77.67±.02 0.17 -65.85±.11 0.65 13 2.7 -0.50±0.17 0.34±0.21 -2.63±0.15 11 263 4a
17 2011 7 21 4 25 35.0±0.5 -9.0 72.90±.02 -0.35 -54.47±.08 -0.22 13 6.5 1.56±0.32 -3.23±0.35 5.42±0.34 -14 59 5b
18 2011 7 27 15 14 37.6±0.6 5.6 74.64±.01 0.14 -55.94±.11 -1.44 13 3.3 0.42±0.18 2.61±0.19 1.95±0.22 -7 143 4e
19 2011 8 4 9 5 10.7±0.6 6.7 73.58±.01 0.33 -55.66±.09 -2.41 13 4.2 0.77±0.21 4.08±0.22 0.14±0.25 -11 178 5a
20 2011 8 6 23 10 38.3±0.6 -1.7 71.69±.04 -0.81 -51.84±.16 -0.34 13 2.4 -0.23±0.24 0.73±0.20 -2.27±0.17 6 252 6
21 2011 8 10 7 32 35.2±0.6 11.1 73.07±.02 -0.43 -54.14±.09 2.36 13 4.5 0.57±0.20 -2.72±0.27 3.53±0.26 -7 52 5b
22 2011 8 18 12 32 6.4±0.8 6.4 69.25±.03 0.25 -49.53±.12 1.47 13 2.1 0.56±0.17 1.63±0.18 1.26±0.20 -15 142 7
23 2011 8 26 18 21 5.0±0.7 17.0 76.16±.01 -0.09 -59.80±.13 0.95 13 4.3 -1.95±0.25 -3.78±0.28 0.22±0.33 27 3 4b
24 2011 8 26 18 31 13.3±1.1 -6.7 75.96±.05 -0.79 -59.50±.16 1.25 13 2.7 -0.25±0.24 2.04±0.29 -1.78±0.25 5 221 4b
25 2011 9 14 23 20 47.8±0.5 7.8 70.79±.02 -0.21 -50.73±.08 0.27 13 2.1 0.21±0.12 -0.61±0.11 2.03±0.10 -6 73 9
26 2011 9 19 13 51 51.5±0.5 7.5 68.55±.03 0.55 -32.94±.09 1.06 13 1.5 -0.26±0.10 0.46±0.10 1.45±0.09 10 108 1
◦ 27 2011 10 10 16 22 0.3±0.9 -7.7 72.83±.04 -0.67 -54.19±.20 1.31 13 2.4 -0.47±0.21 0.81±0.21 -2.23±0.20 11 250 5b
28 2011 10 21 7 26 45.1±0.6 5.1 75.73±.01 -0.02 -57.96±.07 0.29 13 1.7 -0.26±0.10 0.88±0.13 -1.43±0.11 9 238 4c
29 2011 10 27 9 39 19.4±0.6 -8.6 73.13±.02 -0.12 -54.56±.05 -0.31 13 3.7 0.99±0.21 -0.97±0.25 3.41±0.24 -16 74 5b
30 2011 11 24 2 21 3.8±0.6 -8.2 76.13±.04 0.13 -59.20±.14 2.80 13 4.2 1.17±0.28 3.75±0.26 -1.58±0.29 -16 203 4b
31 2011 11 30 9 58 15.7±0.9 15.7 72.98±.02 -0.27 -54.23±.17 2.52 13 4.4 0.31±0.42 0.34±0.43 4.33±0.35 -4 95 5b
◦ 32 2011 12 4 4 1 21.9±0.6 -6.1 66.42±.03 0.17 -38.16±.07 0.59 13 2.1 -0.71±0.13 1.14±0.16 1.66±0.15 19 124 2
◦ 33 2011 12 5 7 25 44.0±0.5 8.0 68.73±.03 0.48 -33.45±.09 -0.20 13 2.3 0.17±0.16 0.68±0.14 -2.19±0.11 -4 253 1
◦ 34 2011 12 7 22 8 58.8±0.6 2.8 73.54±.02 0.54 -55.21±.14 3.79 13 2.2 -0.40±0.14 -0.91±0.17 -1.91±0.14 11 296 5a
35 2011 12 21 15 40 19.9±0.5 11.9 69.23±.00 -0.02 -49.34±.07 0.41 13 2.6 -0.65±0.16 -0.88±0.18 -2.34±0.15 15 291 7
36 2012 1 3 11 11 41.7±0.7 13.7 73.03±.03 0.28 -54.38±.09 0.37 13 5.0 0.34±0.38 0.08±0.46 4.94±0.37 -4 91 5b
37 2012 1 17 1 54 34.6±0.3 10.6 66.41±.01 -0.34 -38.24±.03 -0.99 13 3.7 1.09±0.11 -1.71±0.14 -3.09±0.12 -17 299 2
38 2012 1 29 11 9 35.9±0.9 -24.1 72.94±.03 0.19 -54.44±.27 4.81 13 2.7 -0.11±0.43 -0.38±0.42 2.70±0.24 2 82 5b
◦ 39 2012 2 12 13 44 48.8±0.6 16.8 69.18±.02 0.18 -49.52±.10 -0.52 13 1.4 0.13±0.12 0.25±0.15 1.33±0.10 -6 101 7
40 2012 2 12 16 16 20.4±0.3 -11.6 69.10±.01 -0.15 -49.25±.04 -0.50 13 2.4 0.06±0.08 -1.24±0.09 -2.01±0.08 -1 302 7
41 2012 3 18 18 21 34.5±0.6 -1.5 76.12±.03 0.62 -59.69±.06 -1.19 13 2.7 0.56±0.15 2.32±0.16 -1.34±0.18 -12 210 4b
◦ 42 2012 3 31 8 55 40.0±0.3 -4.0 73.04±.01 -0.21 -54.38±.07 0.37 13 2.8 -0.42±0.12 0.56±0.12 -2.74±0.09 9 258 5b
43 2012 4 9 10 11 39.8±0.3 11.8 66.35±.01 0.10 -38.28±.01 -0.03 13 3.5 -1.03±0.09 1.00±0.13 3.20±0.10 17 107 2
44 2012 4 14 1 48 42.1±0.3 -5.9 66.43±.02 0.68 -38.33±.04 -0.08 13 2.5 -0.53±0.10 1.02±0.11 2.18±0.08 12 115 2
45 2012 4 24 4 46 21.6±0.2 -2.4 75.94±.01 0.19 -59.29±.00 -0.04 13 6.1 -0.66±0.16 6.03±0.14 -0.16±0.17 6 182 4b
46 2012 5 3 8 27 54.5±0.5 10.5 73.01±.02 -0.24 -54.45±.07 -0.70 13 2.2 0.65±0.12 -1.06±0.15 1.85±0.13 -17 60 5b
47 2012 6 15 9 16 8.2±0.7 8.2 72.99±.03 -0.76 -54.56±.14 5.69 13 3.3 1.02±0.19 -2.07±0.20 2.37±0.19 -18 49 5b
◦ 48 2012 6 26 3 1 57.0±0.5 -11.0 69.33±.01 -0.17 -49.93±.09 -1.43 13 1.3 -0.37±0.09 -0.16±0.08 -1.22±0.08 17 277 7
◦ 49 2012 6 30 14 44 18.6±0.6 10.6 73.11±.02 -0.14 -54.30±.11 0.45 13 2.8 -0.06±0.15 1.47±0.16 -2.35±0.15 1 238 5b




No. Date Time Latitude Longitude Factor M CSF Vector
Y M D h m sec δt0 λ δλ0 φ δφ0 10ex CSF Vr Vθ Vφ pl. azim. reg.
51 2012 7 7 20 44 22.8±0.4 6.8 66.39±.02 0.64 -38.21±.02 0.04 13 3.3 1.02±0.12 -1.40±0.18 -2.76±0.13 -18 297 2
52 2012 7 8 20 22 1.9±0.4 9.9 69.15±.03 -0.60 -49.58±.06 0.17 13 2.6 -0.35±0.15 -1.95±0.14 -1.75±0.14 8 318 7
53 2012 7 8 20 46 24.2±0.3 0.2 69.26±.02 0.51 -49.83±.03 0.92 13 2.8 -1.05±0.09 -2.25±0.10 -1.26±0.12 22 331 7
◦ 54 2012 7 8 21 5 14.1±0.6 2.1 69.18±.02 -0.57 -49.84±.13 1.41 13 1.5 0.27±0.12 -0.49±0.12 1.35±0.11 -11 70 7
55 2012 7 18 1 27 8.5±0.4 12.5 73.10±.01 -0.15 -55.18±.04 -0.43 13 5.4 1.23±0.22 -2.87±0.25 4.39±0.24 -13 57 5b
56 2012 7 20 18 1 13.6±0.5 -6.4 77.61±.01 0.11 -66.03±.07 0.47 13 1.6 -0.28±0.09 -0.24±0.10 -1.55±0.08 10 279 4a
◦ 57 2012 7 25 5 3 31.0±0.5 10.9 66.43±.01 -0.07 -38.68±.08 0.82 13 2.6 0.10±0.17 1.71±0.15 1.97±0.14 -2 131 2
58 2012 7 31 9 30 6.2±0.3 -1.8 76.06±.02 -0.44 -59.23±.07 3.27 13 3.4 0.52±0.11 2.62±0.11 -2.14±0.11 -9 219 4b
◦ 59 2012 8 2 23 10 26.6±0.3 2.6 69.17±.02 0.17 -49.42±.07 1.58 13 1.9 -0.06±0.09 -0.95±0.08 -1.68±0.07 2 299 7
60 2012 8 5 0 23 27.9±0.3 15.9 75.91±.02 0.16 -59.58±.02 0.17 13 3.0 -0.51±0.12 2.60±0.11 -1.36±0.14 10 208 4b
61 2012 8 8 0 54 24.6±0.8 8.6 73.14±.03 -0.36 -54.44±.20 1.06 13 2.5 0.12±0.30 -0.88±0.28 2.37±0.17 -3 70 5b
62 2012 8 11 3 27 32.9±0.4 4.9 73.48±.01 0.23 -55.22±.04 -0.47 13 3.3 -0.01±0.13 -0.27±0.16 3.24±0.12 0 85 5a
◦ 63 2012 8 11 3 44 32.6±1.0 16.6 73.62±.03 -0.13 -54.94±.19 2.31 13 1.3 0.20±0.12 0.82±0.11 -1.02±0.13 -9 231 5a
◦ 64 2012 8 12 16 21 19.7±0.5 -16.3 71.81±.03 0.81 -51.66±.05 -0.66 13 2.0 -0.36±0.10 1.19±0.14 -1.53±0.12 10 232 6
65 2012 8 19 6 32 4.9±0.6 -3.1 73.03±.02 0.28 -54.42±.13 1.33 13 7.3 -1.23±0.58 1.86±0.55 -6.91±0.40 10 255 5b
◦ 66 2012 8 23 18 56 44.6±0.4 -3.4 66.40±.01 -0.10 -38.38±.07 1.12 13 1.6 -0.33±0.09 0.94±0.09 1.22±0.08 12 127 2
67 2012 8 23 19 20 12.2±0.2 20.2 66.36±.01 -0.39 -38.29±.03 -1.04 13 5.6 1.40±0.15 -1.45±0.21 -5.27±0.14 -14 285 2
68 2012 8 24 4 1 7.7±0.3 -4.3 77.72±.01 0.22 -66.27±.07 1.23 13 2.4 -0.52±0.09 0.39±0.10 -2.28±0.08 13 260 4a
69 2012 9 2 8 20 17.8±0.3 1.8 69.17±.02 0.42 -49.69±.05 0.56 13 6.8 -1.75±0.27 -4.61±0.24 -4.70±0.25 15 314 7
70 2012 9 7 9 15 28.6±0.3 0.6 69.11±.02 -0.14 -49.59±.05 0.66 13 3.9 -0.37±0.18 -3.62±0.15 -1.51±0.18 5 337 7
◦ 71 2012 9 22 14 46 55.0±0.4 -1.0 69.06±.02 0.31 -49.79±.09 -1.04 13 1.9 -0.53±0.12 -1.13±0.12 -1.48±0.11 16 307 7
72 2012 9 24 12 53 23.0±0.5 -5.0 69.19±.01 -0.06 -49.51±.07 0.74 13 2.0 -0.84±0.11 -1.75±0.11 -0.55±0.15 25 342 7
73 2012 9 27 18 29 25.5±0.3 -2.5 66.34±.01 0.09 -38.52±.02 0.23 13 3.3 -0.52±0.08 1.00±0.14 3.06±0.10 9 108 2
74 2012 9 27 23 47 30.5±0.2 2.5 66.40±.01 -0.85 -38.38±.04 -0.13 13 5.6 -0.97±0.17 2.09±0.17 5.11±0.13 10 112 2
◦ 75 2012 10 11 19 31 20.8±0.7 -15.2 73.04±.04 2.54 -54.65±.20 0.85 13 6.5 -0.62±0.62 -0.07±0.57 -6.44±0.39 6 271 5b
◦ 76 2012 10 26 19 4 54.8±0.5 -9.2 65.27±.03 0.52 -41.00±.05 0.75 13 2.0 -0.59±0.09 1.48±0.11 1.20±0.10 17 141 3
77 2012 11 4 4 9 42.0±0.4 -10.0 74.58±.01 0.08 -56.18±.05 -0.68 13 4.1 -0.78±0.16 -2.56±0.17 -3.13±0.19 11 309 4e
78 2012 11 7 7 15 40.2±0.5 12.2 71.73±.03 -0.52 -51.83±.11 1.42 13 3.2 1.03±0.22 -1.84±0.19 2.41±0.20 -19 53 6
◦ 79 2012 11 21 1 53 44.1±0.6 -7.9 77.69±.03 0.44 -65.84±.16 -0.09 13 2.0 -0.27±0.12 -0.09±0.12 -1.97±0.08 8 273 4a
80 2012 11 24 16 6 31.3±0.5 15.3 69.15±.01 -0.10 -49.46±.08 0.79 13 6.2 0.85±0.34 4.15±0.32 4.53±0.32 -8 132 7
81 2012 12 5 16 27 8.1±0.3 4.1 68.57±.01 0.32 -33.16±.05 1.59 13 3.3 0.92±0.11 -2.10±0.15 -2.39±0.13 -16 311 1
82 2012 12 15 2 38 35.8±0.3 11.8 68.70±.02 -0.55 -33.01±.05 1.74 13 2.5 0.66±0.12 -1.76±0.13 -1.69±0.11 -15 316 1
83 2012 12 25 10 21 47.7±0.4 3.7 71.75±.03 -0.50 -51.80±.08 0.45 13 3.1 0.56±0.17 0.09±0.19 3.06±0.14 -10 92 6
84 2013 1 1 10 13 23.7±0.5 3.7 75.02±.03 0.52 -56.55±.13 0.95 13 2.4 0.50±0.16 0.53±0.16 -2.25±0.12 -12 257 4d
85 2013 1 12 9 17 38.5±0.2 10.5 69.10±.01 0.35 -49.32±.00 -0.07 13 7.1 -0.70±0.12 -3.38±0.15 -6.25±0.14 6 298 7
◦ 86 2013 1 23 9 53 6.7±0.4 -21.3 74.52±.02 0.27 -55.84±.04 -0.09 13 3.6 0.03±0.18 -2.48±0.19 -2.58±0.20 -1 314 4e
◦ 87 2013 2 21 11 13 6.8±0.5 -5.2 71.59±.00 -0.91 -51.64±.08 1.86 13 2.4 -0.95±0.12 1.96±0.12 -0.94±0.14 24 206 6
88 2013 3 4 11 41 29.3±0.2 1.3 66.48±.01 -0.27 -38.41±.02 -0.66 13 6.0 0.89±0.14 -2.26±0.20 -5.49±0.16 -9 292 2
89 2013 3 14 3 47 4.3±0.3 8.3 66.44±.02 0.69 -38.37±.04 0.38 13 2.4 -0.49±0.08 1.15±0.08 2.08±0.07 12 119 2
90 2013 3 29 9 6 1.1±0.3 9.1 69.25±.00 0.00 -49.74±.00 0.01 13 2.9 -0.99±0.08 -1.34±0.10 -2.38±0.10 20 299 7
◦ 91 2013 4 3 3 8 1.0±0.4 1.0 73.00±.02 -0.50 -54.49±.12 0.01 13 2.2 -0.34±0.16 0.81±0.15 -2.05±0.11 9 248 5b
92 2013 4 6 2 59 2.5±0.3 14.5 69.13±.02 -0.37 -49.54±.04 0.96 13 4.8 0.20±0.19 4.54±0.16 1.50±0.19 -2 162 7
93 2013 4 8 23 38 34.0±0.4 18.0 77.59±.01 -0.16 -66.27±.09 1.98 13 2.7 -0.76±0.10 0.31±0.11 -2.58±0.09 16 263 4a
◦ 94 2013 4 13 11 40 12.6±0.5 12.6 66.40±.04 1.15 -38.10±.06 -1.85 13 1.6 -0.40±0.09 1.43±0.08 0.51±0.09 15 160 2
◦ 95 2013 4 27 13 48 35.8±0.3 -4.2 66.32±.01 -0.93 -38.27±.07 -0.52 13 1.7 -0.54±0.09 0.24±0.10 1.58±0.08 19 99 2
96 2013 4 28 7 26 29.5±0.4 5.5 66.46±.01 -0.04 -38.39±.04 0.11 13 1.8 -0.32±0.07 0.89±0.10 1.52±0.09 10 120 2
97 2013 5 23 12 45 46.1±0.2 10.1 69.20±.01 0.20 -49.40±.04 1.60 13 5.4 -0.91±0.15 -2.43±0.15 -4.76±0.15 10 297 7
98 2013 6 14 17 16 30.1±0.3 -17.9 76.06±.02 0.31 -59.67±.07 -1.92 13 4.5 -0.19±0.18 4.06±0.15 -2.00±0.17 2 206 4b
99 2013 6 17 3 49 20.5±0.2 -7.5 69.28±.00 0.03 -49.77±.00 -0.02 13 5.6 -2.23±0.12 -4.37±0.13 -2.79±0.16 23 327 7




No. Date Time Latitude Longitude Factor M CSF Vector
Y M D h m sec δt0 λ δλ0 φ δφ0 10ex CSF Vr Vθ Vφ pl. azim. reg.
101 2013 6 23 14 35 11.5±0.3 7.5 66.40±.01 0.15 -38.40±.01 -0.15 13 5.9 -0.99±0.17 2.51±0.22 5.24±0.18 10 116 2
◦ 102 2013 6 24 17 49 53.6±0.3 -6.4 69.17±.02 0.42 -49.47±.03 0.78 13 1.9 -0.46±0.06 -0.60±0.07 -1.71±0.06 14 289 7
103 2013 6 27 20 11 41.2±0.2 5.2 69.15±.01 0.40 -49.52±.03 0.23 13 5.6 -0.83±0.14 -4.34±0.14 -3.39±0.15 9 322 7
104 2013 7 1 2 2 34.3±0.2 -5.7 76.08±.02 0.58 -59.49±.03 0.01 13 5.6 -1.03±0.15 -5.53±0.14 0.17±0.16 11 2 4b
105 2013 7 1 4 5 38.8±0.4 10.8 69.09±.03 -0.41 -49.29±.03 0.21 13 2.9 0.11±0.14 1.57±0.13 2.43±0.13 -2 123 7
106 2013 7 3 8 19 28.3±0.2 -7.7 69.09±.01 -0.16 -49.11±.02 -0.36 13 4.8 -0.26±0.11 -1.07±0.17 -4.67±0.13 3 283 7
◦ 107 2013 7 4 2 9 37.6±0.4 9.6 69.14±.03 -0.36 -49.51±.07 -1.01 13 1.9 0.18±0.12 1.39±0.09 1.25±0.11 -5 138 7
108 2013 7 16 23 41 14.2±0.2 -5.8 69.30±.00 0.30 -49.62±.03 1.38 14 1.1 -0.28±0.02 -0.79±0.02 -0.67±0.02 15 320 7
109 2013 7 25 3 13 47.5±0.2 11.5 66.49±.00 -0.01 -38.42±.01 0.08 13 2.4 0.41±0.06 -1.18±0.09 -2.05±0.07 -10 300 2
110 2013 7 25 12 56 33.7±0.2 1.7 66.48±.00 -0.02 -38.31±.02 0.19 13 3.8 -0.94±0.08 1.94±0.12 3.10±0.11 14 122 2
111 2013 7 30 20 1 23.1±0.2 -4.9 66.43±.01 0.18 -38.36±.01 -0.11 13 3.4 -0.71±0.08 1.50±0.12 2.91±0.09 12 117 2
112 2013 7 31 14 59 39.5±0.4 11.5 65.22±.02 -0.28 -41.18±.07 0.32 13 1.7 0.19±0.10 -0.65±0.10 -1.58±0.08 -6 292 3
113 2013 7 31 19 21 18.5±0.3 6.6 66.34±.02 -0.41 -38.29±.05 0.46 13 1.8 0.49±0.07 -0.54±0.10 -1.60±0.07 -16 289 2
114 2013 8 4 22 5 29.2±0.4 17.2 70.94±.01 -0.06 -50.46±.05 0.54 13 2.8 -0.04±0.11 -0.63±0.13 2.73±0.12 1 77 9
115 2013 8 4 23 0 52.3±0.3 4.3 73.04±.02 1.54 -54.43±.06 4.07 13 6.0 -0.38±0.25 2.23±0.25 -5.52±0.19 4 248 5b
◦ 116 2013 8 8 6 50 6.8±0.5 14.8 66.44±.03 0.94 -38.86±.03 -0.36 13 1.7 -0.28±0.09 -0.78±0.12 -1.53±0.10 9 297 2
◦ 117 2013 8 9 15 17 14.1±0.3 18.1 69.13±.02 -0.12 -49.40±.03 -0.15 13 2.1 0.35±0.10 1.68±0.10 1.14±0.11 -10 146 7
118 2013 8 11 11 25 59.0±0.3 -1.0 69.24±.00 -0.01 -49.44±.04 -0.69 13 5.4 -0.53±0.18 -5.08±0.19 -1.64±0.27 6 342 7
119 2013 8 11 11 49 40.4±0.3 -3.6 69.06±.00 0.06 -49.56±.04 -0.56 13 3.1 -0.80±0.09 -0.60±0.12 -2.95±0.11 15 282 7
120 2013 8 14 23 41 28.1±0.2 -7.9 66.44±.01 -0.81 -38.34±.04 -0.59 13 3.1 -0.73±0.09 1.46±0.09 2.68±0.08 13 119 2
◦ 121 2013 8 14 23 50 53.9±0.3 21.9 66.39±.02 0.64 -38.34±.04 0.41 13 1.8 0.28±0.07 -1.12±0.07 -1.43±0.06 -9 308 2
122 2013 8 19 12 17 1.0±0.3 5.0 73.01±.00 0.01 -54.27±.05 0.73 13 5.9 0.07±0.22 -2.10±0.29 5.50±0.18 -1 69 5b
123 2013 8 24 7 25 59.0±0.3 7.0 74.95±.00 -0.05 -57.09±.01 -0.09 13 5.4 0.09±0.16 -4.49±0.20 3.03±0.26 -1 34 4d
124 2013 9 9 8 59 56.2±0.3 -3.8 69.15±.02 -1.35 -49.57±.04 -1.07 13 4.6 0.69±0.17 3.93±0.15 2.31±0.16 -9 150 7
125 2013 9 10 18 59 42.5±0.5 14.4 69.25±.03 0.00 -49.44±.08 -1.69 13 3.4 -0.72±0.21 -2.90±0.18 -1.52±0.22 12 332 7
126 2013 9 11 3 4 23.1±0.3 7.1 69.36±.01 1.36 -49.84±.05 0.16 13 7.3 -2.88±0.26 -1.48±0.24 -6.49±0.26 23 283 7
127 2013 9 15 14 8 48.0±0.6 16.0 73.09±.03 -1.91 -54.07±.17 -5.07 13 4.9 0.04±0.45 -0.12±0.43 4.93±0.29 0 89 5b
128 2013 9 19 10 34 54.5±0.3 14.6 74.72±.02 0.22 -56.42±.07 -0.92 13 3.5 0.75±0.13 1.23±0.15 3.17±0.14 -12 111 4e
129 2013 9 29 14 37 14.1±0.7 2.1 75.95±.03 0.20 -59.84±.15 2.41 13 2.2 -0.72±0.14 1.93±0.14 -0.79±0.14 19 202 4b
130 2013 10 3 3 35 6.5±0.4 2.5 75.89±.02 0.14 -59.57±.02 0.18 13 4.2 -0.60±0.19 4.08±0.19 0.49±0.24 8 173 4b
131 2013 10 5 23 29 9.2±0.2 13.2 76.13±.01 -0.12 -59.58±.05 0.17 13 6.2 -0.40±0.20 -2.95±0.24 5.47±0.17 4 62 4b
◦ 132 2013 10 7 18 16 27.7±0.4 19.7 75.99±.02 0.49 -59.62±.09 2.88 13 2.8 -0.04±0.13 2.67±0.13 0.84±0.15 1 162 4b
133 2013 10 14 2 3 37.4±0.6 9.4 72.98±.04 0.98 -54.06±.16 -0.06 13 3.3 -0.49±0.33 -1.20±0.27 3.02±0.22 9 68 5b
◦ 134 2013 11 7 11 2 20.7±0.5 20.7 72.99±.01 -0.01 -53.78±.11 1.22 13 2.9 -0.49±0.18 -0.99±0.20 2.69±0.16 10 70 5b
◦ 135 2013 11 22 7 26 15.6±0.4 -0.4 69.20±.01 -0.05 -49.77±.01 -0.02 13 3.0 -0.78±0.11 -0.94±0.15 -2.71±0.13 15 289 7
136 2013 11 23 22 11 14.1±0.4 -5.9 74.99±.03 0.24 -56.70±.07 0.55 13 2.6 0.25±0.15 1.84±0.14 -1.80±0.14 -6 224 4d
137 2013 12 5 9 54 28.2±0.3 12.2 69.12±.02 0.37 -49.53±.04 0.22 13 3.3 -0.48±0.16 -3.08±0.15 -1.18±0.16 8 339 7
? 138 2013 12 10 3 38 13.1±0.4 29.1 73.01±.02 -0.24 -54.48±.02 0.27 13 4.6 0.44±0.18 -1.05±0.28 4.41±0.21 -5 77 5b
139 2013 12 27 10 4 17.1±0.3 1.1 75.96±.02 0.46 -59.58±.07 4.92 13 6.3 0.52±0.27 -6.13±0.20 -1.48±0.25 -5 346 4b
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Table 2: Detection parameters for the six earthquakes for which we were unable to obtain robust CSF solutions. Columns give detection time;
detection location; and source glacier (where known). Source glacier identifiers are as in Table 1: 4a: Tracy Glacier; 5b: Upernavik Isstrøm. The
four events listed without source glaciers have detection locations along Greenland’s southeast coast. Circles denote NRT detections.
Y M D h m sec Lat Lon reg.
2011 3 8 6 52 48.0 65.75 -40.25
◦ 2011 7 21 4 43 36.0 72.75 -55.25 5b
◦ 2011 12 28 16 16 32.0 62.25 -39.75
2012 1 20 4 37 20.0 65.50 -39.50
◦ 2013 8 6 17 39 28.0 77.50 -67.50 4a





















Figure 1.1: Map showing locations of glacial earthquakes in Greenland between 2011 and 2013 (red
dots). Grey dots show locations of two glaciers that previously produced glacial earth-
quakes (Tsai and Ekström, 2007; Veitch and Nettles, 2012) but did not produce events
in 2011–13: Daugaard-Jensen Glacier (DJ) and Rolige Bræ (RB).
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Figure 1.2: Glacial-earthquake occurrence in Greenland, 1993–2013. Top: Number of glacial earth-
quakes detected annually. Bottom: Annual earthquake detections by region. Grey bars






Figure 1.3: Glacial-earthquake force azimuths for the complete catalog, 1993–2013. Red sticks show
events from this study, and blue sticks show published solutions from Tsai and Ekström
(2007) and Veitch and Nettles (2012). Names of glaciers are given in Fig. 1.
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Figure 1.4: Number of glacial earthquakes detected at the six glaciers discussed in detail in the text.
Grey shading identifies years when a glacier is known to have maintained a floating ice
tongue. In 2006, Helheim Glacier maintained a floating ice tongue for most of the year
and its single glacial earthquake occurred on 23 August 2006. Floating condition is








































































































Figure 1.5: Geometry of calving fronts and glacial-earthquake force azimuths for the six glaciers
discussed in detail in the text. Yellow lines show glacier terminus positions digitized
from background Landsat images, all from 2015. Circular inset shows force azimuths
for glacial earthquakes at each glacier from 2011–13. Black stick placed on each calving
front represents the mean azimuth of the events at each glacier that fall within the green
shading. A detailed plot of variation in azimuth at Alison Glacier is shown in Fig. 6.
The variation in azimuths at Kong Oscar Glacier is discussed in the text and a subset of



















Figure 1.6: Calving-front locations and glacial-earthquake force azimuths at Alison Glacier. Top:
Colored calving fronts show summer terminus positions digitized from Landsat images
during years when glacial earthquakes occurred. Background image is from 1 October
2013. Bottom: Colored lines show calving fronts as in top figure, but with an arbitrary
separation in the horizontal direction. Colored sticks show the force azimuths of glacial
earthquakes. Force azimuths are plotted on the calving front at the location where they
are most nearly perpendicular to the calving front. Dates are given for the two events












































Force Azimuths and Frontal Positions
94 96 98 00 02 04 06 08 10 12 14
Figure 1.7: Force azimuths and terminus positions at Helheim Glacier. Grey dots show force az-
imuths for all glacial earthquakes at Helheim Glacier, 1993–2013. Dashed line shows
mean force azimuth. Blue dots show terminus position, from Bevan and others (2012).
















Figure 1.8: Force azimuths at Kong Oscar Glacier. Top: Colored calving fronts show terminus po-
sitions digitized from Landsat images in September and October, 2013; colors are as
in bottom figure. Background image is from 6 October 2013. Bottom: Colored lines
show the calving fronts as in top figure, but with an arbitrary separation in the vertical
direction; dates at left give time of image. Colored sticks show glacial-earthquake force
azimuths, plotted on the calving front at the location where they are most nearly perpen-
dicular to the calving front. The normal to the 27 September 2013 front is approximately
30◦. Dates of each earthquake in 2013 are given in black.
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Chapter 2
Constraints on Terminus Dynamics at
Greenland Glaciers From Small Glacial
Earthquakes
This chapter has been previously published as:
Olsen, K. G., and M. Nettles (2019), Constraints on Terminus Dynamics at
Greenland Glaciers From Small Glacial Earthquakes, Journal of Geophysical
Research: Earth Surface, 7 (124), 1899–1918, 10.1029/2019JF005054.
Abstract
Many large calving events at Greenland’s marine-terminating glaciers generate
globally detectable glacial earthquakes. We perform a cross-correlation analy-
sis using regional seismic data to identify events below the teleseismic detection
threshold, focusing on the 24 hours surrounding known glacial earthquakes at
Greenland’s three largest glaciers. We detect additional seismic events in the
minutes prior to more than half of the glacial earthquakes we study, and follow-
ing one third of them. Waveform modeling shows source mechanisms like those of
previously known glacial earthquakes, a result consistent with available imagery.
The seismic events thus do not represent a failure of the high subaerial ice cliff like
that expected to trigger large-scale calving and a marine ice-cliff instability; but
rather, rotational, buoyancy-driven calving events, likely of the full glacier thick-
ness. A limited investigation of the prevalence of smaller seismic events at times
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outside glacial-earthquake windows identifies several additional events. However,
we find that calving at the three glaciers we study — Jakobshavn Isbræ, Helheim
Glacier, and Kangerdlugssuaq Glacier — often occurs as sequences of discrete
buoyancy-driven events in which multiple icebergs ranging in size over as much
as three orders of magnitude are all lost within ∼30 minutes. We demonstrate a
correlation between glacial-earthquake magnitude and iceberg size for events with
well-constrained iceberg-area estimates. Our results suggest that at least 10-30%
more dynamic mass loss occurs through buoyancy-driven calving at Greenland’s
glaciers than previously appreciated.
2.1 Introduction
Iceberg calving plays an important role in glacier evolution in Greenland and Antarc-
tica, both because of the large volumes of ice discharged, and because of significant
ice-velocity increases that accompany calving events at marine-terminating glaciers
(Amundson et al., 2008; Nettles et al., 2008; Rosenau et al., 2013). However, many
aspects of the calving process remain poorly understood. This lack of understanding
leads to simplified treatment of calving in ice-sheet models, and an acknowledgment of
the clear need for more observational constraints on the details of the calving process
(e.g., Nick et al., 2010; Benn et al., 2017).
Many of the largest icebergs calved from near-grounded tidewater glaciers in Green-
land are lost through buoyancy-driven calving (Murray et al., 2015c), which generates
globally detectable, MSW ∼5 glacial earthquakes (Ekström et al., 2003; Nettles and
Ekström, 2010). Buoyancy-driven calving occurs when the tongue of a glacier is driven
below floatation as it enters fjord waters. Buoyancy forces act to resolve the isostatic
disequilibrium by deflecting the glacier terminus upwards in the water column. This
promotes basal crevassing upstream from the terminus and applies a torque to the por-
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tion of the glacier downstream of the basal-crevasse location (James et al., 2014; Murray
et al., 2015c). When the calving front is near the grounding line, crevasse propagation
leads to detachment of a narrow, unstable iceberg that subsequently capsizes against
the glacier terminus. During capsize, the newly formed iceberg accelerates away from
the glacier, exerting a force on the glacier calving face and the solid Earth. This force
is recorded as a glacial earthquake (Nettles and Ekström, 2010; Murray et al., 2015a).
Study of glacial earthquakes has informed our understanding of many aspects of
the calving process, including placing constraints on the grounding state of a glacier
(Veitch and Nettles, 2012; Olsen and Nettles, 2017), the forces acting on the glacier
during calving (Murray et al., 2015a), and the observation that, at times, multiple
icebergs are lost from a glacier in rapid succession (e.g., Amundson et al., 2010; Wal-
ter et al., 2012; Olsen and Nettles, 2017). Visual documentation of calving events is
generally poor, owing to a lack of permanent camera installations at glacier termini,
frequent low-visibility conditions, and winter darkness. Seismic data offer a continuous,
year-round record of activity, making seismic observations a valuable complement to
satellite and ground-based imagery. Seismic observation of large-scale calving processes
at Greenland’s glaciers has relied mostly on teleseismic recordings from the Global Seis-
mographic Network (GSN). Glacial-earthquake events are identified using these data
and a surface-wave detection algorithm developed by Ekström (2006), and analysis of
glacial-earthquake source characteristics has, until recently, also been performed using
primarily the GSN data (Tsai and Ekström, 2007; Veitch and Nettles, 2012). The
Greenland Ice Sheet Monitoring Network (GLISN; Clinton et al., 2014) now provides
regional broadband seismic coverage, allowing more detailed investigation of the earth-
quake source (Walter et al., 2013; Olsen and Nettles, 2017; Sergeant et al., 2018).
Although the buoyancy-driven calving mechanism appears to be responsible for
many of the calving events at Greenland’s tidewater glaciers (Murray et al., 2015c), the
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volume of ice lost in each event is poorly known. Seismic observations are consistent in
order of magnitude with icebergs of ∼1 km3 (∼1 Gt) accelerating away from the glacier
terminus during capsize (Nettles and Ekström, 2010). Direct observations of individual
calving events generating glacial earthquakes at Jakobshavn Isbræ and Helheim Glacier
have yielded iceberg-volume estimates between 0.32 km3 and 1.2 km3 (Amundson et al.,
2008; Walter et al., 2012; James et al., 2014; Murray et al., 2015a). In recent years, 30–
50 glacial earthquakes have been detected in Greenland annually (Olsen and Nettles,
2017), suggesting that roughly 25–50 Gt of Greenland’s annual dynamic ice loss may
be through buoyancy-driven calving events; Sergeant et al. (2019) calculate a similar
annual discharge rate (15-50 Gt). However, the size distribution of icebergs lost through
buoyancy-driven calving is not known, hindering assessment of the importance of this
calving mechanism within the total calving budget.
The true distribution of glacial-earthquake magnitudes is also poorly known. The
observed magnitude distribution for some glaciers shows a peak well above the detection
threshold, but at others is peaked near that threshold, suggesting that some events are
missed by teleseismic approaches (Nettles and Ekström, 2010). Glacial earthquakes
smaller than those detected by the automated glacial-earthquake detection algorithm
(Ekström, 2006) have been observed previously (Nettles et al., 2008; Walter et al., 2012;
Murray et al., 2015c), but no systematic study of these events has been undertaken.
Similarly, the relationship between glacial-earthquake size and iceberg size is not
well known, and the lower size limit of icebergs susceptible to buoyancy-driven calving
remains an open question. Questions also persist about glacier behavior in the run-up to
calving of gigaton-sized icebergs, and whether a triggering mechanism precedes calving.
The yield strength of ice is likely to dictate a maximum height for subaerial ice cliffs
at glacier termini, above which height (∼100 m) brittle failure will occur (Bassis and
Walker, 2012; Ma et al., 2017). Such failure could take the form of ice slumping down
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the calving face, which would promote buoyancy-driven calving by further pushing the
submerged ice at the calving front out of isostatic equilibrium. This hypothetical ice-
slump mechanism would expand the range of glacial conditions where buoyancy-driven
calving occurs, perhaps even to include grounded ice. When maximum cliff heights
are included in numerical models of Antarctic ice-sheet evolution, ice-sheet collapse is
accelerated (Pollard et al., 2015; DeConto and Pollard, 2016). However, few 100-m tall
ice cliffs exist at either pole, and large ice slumps are not routinely observed.
In this study, we investigate iceberg calving at Greenland’s three largest glaciers:
Jakobshavn Isbræ, Helheim Glacier, and Kangerdlugssuaq Glacier, all of which have
high ice cliffs; those at Jakobshavn Isbræ and Helheim Glacier are reported to be
among the tallest in the world (DeConto and Pollard, 2016). These are also the three
most productive glacial-earthquake-generating glaciers in Greenland; together, they
have produced the majority of glacial earthquakes recorded since the beginning of the
observational catalog in 1993. In 2009, 2010, and 2011, permanent seismic stations
were installed within 100 km of each of these three glacier termini as part of the GLISN
network. Using local and regional data, we explore evidence for buoyancy-driven calving
of smaller icebergs than previously studied, and investigate seismic indications of ice-
cliff failure. We then combine our seismological results with evidence from ground-
based imagery to reassess the relationship between iceberg size and glacial-earthquake
magnitude.
2.2 Data
We focus our analysis on data recorded by the GLISN stations closest to three glaciers:
station ILULI, deployed in 2009 and located 62 km from Jakobshavn Isbræ; station
ANGG, deployed in 2010 and located 84 km from Helheim Glacier; and station SOEG,
deployed in 2011 and located 70 km from Kangerdlugssuaq Glacier (Figure 2.1). We
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treat data from temporary station SOE (Dahl-Jensen et al., 2003), which operated from
2000–2002 in the location of the future SOEG station, in the same manner as data from
SOEG. We also consider data recorded on as many as ten additional seismic stations
located at distances up to 600 km from each glacier terminus (Figure 2.1). Whenever
possible, we include data from short-term temporary seismic networks operated near
the glaciers of interest, as well as from more distant stations of the GSN.
Jakobshavn Isbræ, Helheim Glacier, and Kangerdlugssuaq Glacier have all been
observed to generate multiple glacial earthquakes over the course of a single day (Tsai
and Ekström, 2007; Veitch and Nettles, 2012; Olsen and Nettles, 2017), and successive
icebergs lost from adjacent portions of a calving terminus have been documented at
glaciers around Greenland (Amundson et al., 2008; Walter et al., 2012; Murray et al.,
2015c; Olsen and Nettles, 2017), suggesting that the hours surrounding known glacial
earthquakes may be a good target for the identification of additional events. Further,
any precursory ice slump or other trigger for iceberg calving is likely to occur within the
hours prior to calving. We therefore focus our study on the 24 hours of seismic data
surrounding known glacial earthquakes to maximize the chance of identifying small
seismic events and to assess the possible role of precursory events preceding glacial
earthquakes.
We use the published catalog of glacial earthquakes (Tsai and Ekström, 2007;
Veitch and Nettles, 2012; Olsen and Nettles, 2017), which includes events occurring
between 1993 and 2013, to identify time periods of interest. We consider data recorded
from the time of GLISN station deployment at each glacier through the end of 2013,
as well as data recorded by station SOE during 2000–2002. These constraints lead
to a dataset of 84 glacial earthquakes generated by the three glaciers and recorded
by the GLISN station closest to each glacier. During two of these events, noise lev-
els at the nearest station were high enough to obscure the glacial-earthquake signal,
43
preventing analysis of any smaller signals. We exclude these two events and analyze
seismograms for the 12 hours preceding and following the remaining 82 earthquakes:
46 at Jakobshavn Isbræ, 25 at Helheim Glacier, and 11 at Kangerdlugssuaq Glacier.
2.3 Methods
We deconvolve the broadband seismic data to velocity and filter it to 35–100 s, an
intermediate-period band similar to that used glacial-earthquake analysis (Tsai and
Ekström, 2007; Veitch and Nettles, 2012; Olsen and Nettles, 2017), and selected because
it contains the majority of the glacial-earthquake signal. We apply a cross-correlation
technique to the vertical-component data to identify previously unknown, small seismic
signals associated with glacial earthquakes. For each glacier, we select a template
event to use in the cross-correlation analysis. At Jakobshavn Isbræ, we use a signal
described in previous studies (Walter et al., 2012; Sergeant et al., 2016) that occurred
on 21 August 2009 five minutes before a large calving event that generated a glacial
earthquake. This small seismic signal has a peak amplitude approximately 25% that
of the following glacial earthquake. High-frame-rate imagery from the glacier terminus
(Walter et al., 2012) shows this small seismic signal to coincide with a loss of ice
significantly smaller than that associated with the subsequent glacial earthquake. No
such well-documented small ice-loss events are known at Helheim or Kangerdlugssuaq
Glaciers. At those glaciers, we perform an initial visual inspection of the data, and
select a template event recorded at the nearest station (ANGG, SOEG, or SOE). The
template waveforms have durations of 72–84 s.
We cross correlate 12-hour-long seismograms preceding the glacial-earthquake events
in our catalog with the small template signals recorded at the same station. We then
visually review all sections of record that have cross-correlation coefficients with ab-
solute values ≥ 0.85 and discard sections with extremely low amplitude. We inspect
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record sections for each small event identified, considering seismic stations to distances
of 600 km. We require each small event to be identifiable on two or more stations
and to show a moveout across the stations consistent with expected Rayleigh wave
group velocities; we compare our observations with speeds of ∼3.6 km/s observed 35-s
Rayleigh waves in Greenland (Darbyshire et al., 2017). We perform a similar analysis
on hour-long seismograms following each glacial earthquake in our dataset. For a sub-
set of events, we extend the cross-correlation analysis to the full 12 hours following the
glacial earthquakes.
In addition, we visually inspect record sections for the 15 minutes before and the 15
minutes after each of the 82 glacial earthquakes in the dataset in an attempt to identify
any signals with a likely origin at the glacier that may be missed by the correlation
detector. We require any small event identified using this method to be visible on two
or more seismic stations within 600 km of the glacier front.
We model the best-recorded small seismic events using a centroid-single-force
(CSF) technique like that used in analysis of mass movements such as landslides and
glacial earthquakes (Kawakatsu, 1989; Ekström et al., 2003). This allows us to estimate
source parameters for each event, including the orientation and amplitude of the force
acting at the source, as well as a centroid-single-force magnitude value, MCSF , derived
by twice integrating the force history. We follow the modeling approach described by
Olsen and Nettles (2017), including specifying the shape and duration of the force-time
function as well as specifying the depth of each event. As in Olsen and Nettles (2017)
and previous studies (Tsai and Ekström, 2007; Veitch and Nettles, 2012), we use a
boxcar-shaped time function with a total duration of 50 s. For each small event we
model, we fix the location to the published location of the associated glacial earthquake
and deconvolve the seismograms to ground displacement. We analyze data within the
period bands 40–100 s or 35–75 s and, when necessary due to the small amplitude of
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the signal, within the period band 25–75 s.
We also investigate data from the 24 hours surrounding all glacial earthquakes in
our dataset using a range of filters above 1 Hz, and find the most visually coherent
high-frequency signal in the range 3–10 Hz (Figure 2.2). We measure the duration
of high-frequency energy surrounding each glacial earthquake by hand, picking the
onset of high-frequency energy and its end time based on the observed deviation from
background noise levels.
2.4 Results
We identify 80 new intermediate-period seismic events associated with the glacial earth-
quakes we study. These seismic events precede 52% of the glacial earthquakes and
follow 37%. In total, we find one or more small event temporally associated with 66%
of the glacial earthquakes: 32 of 46 glacial earthquakes at Jakobshavn Isbræ, 13 of
25 glacial earthquakes at Helheim Glacier, and nine of eleven glacial earthquakes at
Kangerdlugssuaq Glacier. The majority of the small events (58) are identified using
the cross-correlation detector, and we label these type ‘A’ detections. Our systematic
visual inspection identifies an additional 22 events, which we label type ‘B’ detections.
The correlation coefficients for type-B events range from 0.5 to 0.8, with the lower
correlation coefficients reflecting increased waveform complexity.
The 80 new signals occur predominantly within the hour surrounding a glacial
earthquake: 94% of the small type-A events occur within 15 minutes of a glacial earth-
quake and 98% occur within 35 minutes. By definition, all of the type-B events occur
within 15 minutes of a glacial earthquake. In the majority of cases, we find no more
than one small event preceding the glacial earthquakes, and no more than one event
following the earthquake. However, six of the glacial earthquakes show two small pre-
ceding events, and one of the glacial earthquakes shows two small following events.
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We refer to both type-A and type-B detections as ‘small events’ in the following
discussion to distinguish them from the previously known glacial earthquakes, which
show larger waveform amplitudes than these newly identified signals.
The peak amplitudes of the vertical-component seismograms recorded at the near-
est station during the small events range from 10–90% of the peak amplitude of the
associated glacial earthquake, with the majority of small events having amplitudes be-
tween 10% and 40% that of the associated glacial earthquake. The small events that
occur after glacial earthquakes have slightly larger mean amplitudes than those that
occur before, which may be because coda energy arriving from the main glacial earth-
quake obscures the smallest events. All of the small signals we identify are listed in
Table 1; those that occur within 15 minutes of a glacial earthquake are shown in Figure
2.3. Additional examples of the seismograms for the small events are shown in Figures
2.4a, 2.5a and 2.6. The small seismic signals show a moveout of ∼3.6 km/s across
stations of the GLISN network (Figures 2.4a, 2.5a), consistent with event occurrence
at the glacier front and 35-second Rayleigh wave group velocities observed in Green-
land (Darbyshire et al., 2017). Significant Love wave energy is also recorded for each
small event (e.g., Figure 2.6) and the amplitude ratios between the small events and
associated glacial earthquakes are typically similar for Love and Rayleigh waves.
We successfully model the forces associated with 26 of the 80 small seismic events
that occur before and after glacial earthquakes (Table 1). Low signal-to-noise ratios or
a small number of nearby recording stations hindered analysis of the remaining small
events. Despite the low amplitudes of the signals, each small event for which we obtain
acceptable results was recorded on 10–15 seismic stations around Greenland. These
stations represent a subset of the 30–40 seismic stations typically used in the glacial-
earthquake analysis of Olsen and Nettles (2017). To verify the robustness of our results,
we use the same subset of stations to reanalyze glacial earthquakes with published CSF
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solutions. This analysis returns force orientations and MCSF values very similar to those
obtained using the larger dataset. Previous work (Veitch and Nettles, 2012; Olsen and
Nettles, 2017) has shown that errors in estimated force azimuths are likely ∼5◦ or less.
Errors in CSF amplitude are less well known, and are likely most strongly affected by
assumptions about the source duration. Veitch and Nettles (2012) found variability in
retrieved MCSF of 20–30% for a 20% change in assumed source duration. We have used
the same assumptions about source duration as in earlier studies (Tsai and Ekström,
2007; Veitch and Nettles, 2012; Olsen and Nettles, 2017) for consistency.
For a single small event, there often exist two similarly well-fit solutions for the force
orientation, one rotated 180◦ and shifted 25 s from the second. This 180◦ ambiguity
also occurs in CSF analysis of glacial earthquakes, and arises from the band-limited
nature of the seismic data and the need to analyze the signal at periods near the source
duration (Veitch and Nettles, 2012). We report the inversion result for each event in
Table 1; for ease of event comparison in the following text, we discuss force orientations
for most events in terms of azimuth between 0◦ and 180◦ E of N.
The force orientations we retrieve for the small events are approximately perpendic-
ular to the calving fronts of the glaciers where they occur, and are similar to the force
orientations for known glacial earthquakes at those glaciers (Figure 2.7). At Jakob-
shavn Isbræ, 95% of published glacial-earthquake azimuths lie between 53◦ and 162◦
E of N. All but one of the small events for which we obtain solutions at Jakobshavn
Isbræ have force azimuths within this range. The event with an orientation outside
this range follows a calving event on 21 August 2009, and is discussed in section 5.1.
At Helheim Glacier, 95% of published glacial-earthquake azimuths lie between 76◦ and
144◦ E of N. The force azimuths of all small events for which we obtain solutions at
Helheim Glacier lie within this range with the exception of one force azimuth at 146◦
E of N. At Kangerdlugssuaq Glacier, 95% of published glacial-earthquake azimuths lie
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between 94◦ and 169◦ E of N. The small event at Kangerdlugssuaq Glacier that we are
able to model successfully has a force orientation 100◦ E of N, within this range. All
small seismic events at the three glaciers for which we are able to obtain solutions show
forces within 29◦ of horizontal. Like the force azimuths, the range of plunge angles for
the small events is similar to that observed for glacial earthquakes.
The CSF amplitude values for the small events (Figure 2.8) range from 0.27–3.68
× 1013 kg m. The mean value for the small events (1.1 × 1013 kg m) is below that of the
smallest glacial earthquake reported in the published catalog (1.2 × 1013 kg m), and all
but three of the new events have MCSF values smaller than 99% of glacial earthquakes
in the published catalog (Figure 2.8).
We observe elevated high-frequency seismic energy (3–10 Hz) lasting 5–32 min-
utes surrounding all 82 glacial earthquakes in our dataset, including the subset of
earthquakes (∼35%) for which we do not detect any new small seismic signals. High-
frequency energy is also elevated at the time of all of the small intermediate-period
seismic signals we identify. The character of the high-frequency signal is varied, but
commonly involves both sharp high-amplitude peaks and emergent, lower-amplitude
signal, as illustrated in Figure 2.2. The average duration of elevated high-frequency
signal recorded at the nearest station during events at Helheim Glacier is slightly longer
(20 minutes) than that recorded at Kangerdlugssuaq Glacier (16 minutes) or Jakob-
shavn Isbræ (13 minutes). For both the glacial earthquakes and the newly identified,
small seismic signals, we observe a weak correlation (R2 value between 0.2 and 0.5)
between the amplitudes of the high-frequency and intermediate-period signals. The
high-frequency energy recorded at the times of both glacial earthquakes and the small
intermediate-period signals exhibits a smaller excursion above background levels than
does the intermediate-period signal, consistent with the depletion in high-frequency
energy previously observed for glacial earthquakes (e.g., Ekström et al. 2003).
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2.5 Discussion
We have identified small, intermediate-period seismic events preceding or following 66%
of the glacial earthquakes in our dataset. Because, in some cases, multiple small events
are associated with a single glacial earthquake, the total number of new events identified
nearly doubles the number of events in the original dataset. Our seismic results indicate
that, like the glacial earthquakes, these events occur at the calving terminus of the
glaciers. In this section, we argue that the small events we have detected represent
small glacial earthquakes, and we consider the rate of occurrence of such events. We
assess seismic evidence for ice-cliff failure in our dataset, and we explore empirical
evidence for a relationship between seismic observations and iceberg size.
2.5.1 Evidence for a Buoyancy-Driven-Calving Source
We interpret the small seismic signals that we detect prior to and following known
glacial earthquakes to be the result of buoyancy-driven calving: that is, as small glacial
earthquakes produced by the same physical process as the larger, previously known
glacial earthquakes. Although our analysis makes no assumption about the mechanism
or geometry of the source, the small events demonstrate all of the defining characteris-
tics of glacial earthquakes. Like glacial earthquakes, the small signals are depleted in
high-frequency energy with respect to long-period energy, indicative of a slow source
and consistent with the non-detection of the events using standard, high-frequency
seismological approaches. As for the glacial earthquakes, the seismograms of the small
events are explained well by a CSF source. Though our analysis favors no particular
orientation, the retrieved force orientations are nearly horizontal and are perpendicular
to the central portion of the calving terminus in nearly every case. At each glacier
studied, the geometry of the forces retrieved for the small events is very similar to that
of the previously reported force orientations for glacial earthquakes at the same glacier.
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An additional characteristic of known glacial earthquakes is that, whenever appro-
priate ground- or satellite-based imagery is available, the imagery shows ice loss at the
calving front at the times of the earthquakes (Nettles et al., 2008; Joughin et al., 2008a;
Amundson et al., 2010; Nettles and Ekström, 2010; Veitch and Nettles, 2012; Murray
et al., 2015c,a; Olsen and Nettles, 2017). Veitch and Nettles (2017) also demonstrated
good agreement between changes over time in glacial-earthquake force orientations and
calving-front geometry. Comparison of the small events we identify here with imagery
of the calving front is challenging because nearly all of the small events occur within an
hour of large, glacial-earthquake ice-loss events, while satellite imagery provides tem-
poral resolution no better than one day. However, high-rate time-lapse imagery of the
terminus of Jakobshavn Isbræ exists at the times of three of the small seismic events
we report in association with glacial earthquakes. In each case, the glacier calved a
small iceberg at the time of the seismic signal, and the section of the terminus where
the iceberg originated can be resolved in the imagery. Our seismic analysis of these
three events yields CSF orientations for each event aligned perpendicular to the section
of the glacier terminus that calved (Figures 2.4b and 2.5b).
A small seismic event on 2 August 2012 at 23:04 (Figure 2.5) preceded a glacial
earthquake at Jakobshavn Isbræ by six minutes. The events were captured by time-
lapse imagery during a field campaign that observed the terminus of the glacier using
terrestrial radar interferometry (Xie et al., 2018). During the period of the observing
campaign surrounding the glacial earthquake, images of the calving front were captured
every six minutes. The imagery shows two calving events, one coincident with the small
event and one with the glacial earthquake. The seismically determined force azimuth
for the small event is 97◦, approximately normal to the section of the terminus involved
in calving, as shown in Figure 2.5. The orientation of the force for the glacial earthquake
that follows is very similar (119◦; Olsen and Nettles, 2017).
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The other two small events recorded by high-rate imagery occurred on 21 August
2009, one before and one after a glacial earthquake that has been widely studied (Walter
et al., 2012; Veitch and Nettles, 2012; Sergeant et al., 2016; Veitch and Nettles, 2017).
Seismograms for the two small events and the associated glacial earthquake are shown
in Figure 2.4a, and the terminus geometry in Figure 2.4b. The force azimuth for the
main glacial earthquake, at 07:02, was reported as 119◦ by Veitch and Nettles (2012),
consistent with the normal to the central section of the calving front, estimated from
satellite data as 116◦ (Veitch and Nettles, 2017). The force orientation we determine
seismically for the first small seismic event, at 06:57, has an azimuth of 106◦, only 13◦
different from the glacial earthquake. The force we retrieve for the small seismic event
that occurred after the glacial earthquake, at 07:07, has an azimuth of 191◦, nearly
orthogonal to the forces of both the glacial earthquake and the first small seismic signal
(Figure 2.4b). High-frame-rate (10 s) visual imagery taken from the side of the glacier
within five kilometers of the terminus (Walter et al., 2012) allows us to assess the validity
of our results and interpretation. The image sequence shows three ice-loss events, with
timing matching that of the seismic signals. The approximate locations from which the
icebergs calved, as determined by the high-rate imagery, are shown in Figure 2.4b by
the bases of the arrows labeled 1, 2, and 3. The first two icebergs are lost against the
main portion of the calving front, and the third iceberg against the southern side of
the terminus. The motion of the icebergs away from the calving front is thus slightly
north of west for the first small event and the glacial earthquake, and close to north for
the small event following the glacial earthquake. The geometry of the forces estimated
from our seismic analysis is consistent with the iceberg motion documented visually,
including the change in force direction from approximately east-west to north-south
observed between the first two events and the final event.
This sequence of calving events was also analyzed by Walter et al. (2012) and
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Sergeant et al. (2016). The force azimuth we obtain for the first small calving event
is similar to the average value reported by Sergeant and others (2016; azimuth 127◦)
for that event; no value for this event was obtained by Walter et al. (2012). For the
main glacial earthquake, Sergeant et al. (2016) found an average force orientation of
122◦, similar to the 119◦ reported by Veitch and Nettles (2012). Walter et al. (2012)
found an azimuth of 149◦; the difference between this estimate and those of Veitch and
Nettles (2012) and Sergeant et al. (2016) has been attributed to data limitations and
frequency-band selection in the Walter et al. (2012) study (Sergeant et al., 2016; Veitch
and Nettles, 2017).
The force azimuth we calculate for the small seismic event occurring five min-
utes after the glacial earthquake (azimuth 191◦) differs significantly from that found
in previous studies for the same event: Walter et al. (2012) found an azimuth of 154◦;
Sergeant et al. (2016) found an azimuth of 135◦. However, the terminus imagery dis-
cussed above (Walter et al., 2012) confirms the occurrence of a rotational calving event
consistent with the orientation and timing obtained from our analysis. In addition, in-
dependent of any inversion procedure, the amplitudes of seismic surface waves recorded
at station ILULI, and other nearby seismic stations, are consistent with the radiation
patterns expected for the force orientations we estimate. Station ILULI is located 62
km west of the calving front, at a source-to-station azimuth of 275◦. This places the
station within a Rayleigh wave maximum for energy radiated from an east-west ori-
ented force, but within a Love wave maximum for energy radiated from a north-south
oriented force. The peak seismogram amplitudes show a ratio of about 4:1 for the
main glacial earthquake (Figure 2.6) compared with the two smaller events on both the
vertical and the radial components, which record the Rayleigh waves. However, the
transverse-component amplitude for the small event at 07:07 is larger than that of the
main glacial earthquake, consistent with the station lying near a Love wave node for
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the glacial earthquake but a Love wave maximum for the later, smaller event. These
observations support the results of our formal inversions, which find similar force az-
imuths for the 06:57 event and the main event, but an orientation rotated nearly 90◦,
to an approximately north-south orientation, for the event at 07:07. The imagery and
seismic evidence support an interpretation in which the first small event and the glacial
earthquake on 21 August 2009 were generated by buoyancy-driven iceberg calving from
the central part of the terminus, and the subsequent small event by buoyancy-driven
calving from the slower-flowing ice at the southern margin of the glacier, with the ice-
berg discharged nearly perpendicular to the flow direction. This latter, third calving
event may have been enabled by the removal of ice from the central section during the
first two calving events.
Our seismic analysis and the available imagery thus strongly suggest that the
small intermediate-period seismic events we observe prior to and immediately following
glacial earthquakes are themselves small glacial earthquakes, generated by buoyancy-
driven calving. Though we are not able to obtain waveform-inversion results for all
of the small events, the characteristics of the seismic signals from all of the events
are similar, and we interpret all of the small events to arise from the same physical
mechanism.
2.5.2 Source of the High-Frequency Signal
In addition to the discrete, intermediate-period, small seismic events generated by ice-
berg calving, we observe elevated high-frequency energy (3–10 Hz) throughout the du-
ration of each calving sequence, often lasting for up to 30 minutes. The high-frequency
signal is varied, and, though the high-frequency amplitudes show peaks at the times
of the small seismic events and the main glacial earthquakes, we also observe high-
frequency amplitude peaks at other times during the calving sequence, not coincident
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in time with the intermediate-period peaks. An example is shown in Figure 2.2. We
measure similar durations of high-frequency energy at stations within 100 km of the
source and at stations as far as 500 km from the source, suggesting that the long du-
ration of the signal is due to source processes related to the calving sequence, rather
than to the effects of wave propagation.
High-frequency seismic signals associated with glaciated environments have been
recorded in Greenland, Antarctica, and Alaska, and are known to be complex (e.g.,
Anandakrishnan and Bentley, 1993; O’Neel et al., 2007; MacAyeal et al., 2008; Rial
et al., 2009; Amundson et al., 2010). High-frequency seismic signals originate from stick-
slip motion at the ice-bed interface in Western Greenland (Röösli et al., 2016a), but
generate higher frequencies (20–200 Hz) than we observe and appear to be observable
only at very short distances. Signals generated by individual crevassing events are also
typically characterized by higher-frequency energy (≥ 10 Hz) and shorter durations (≤
10 seconds; Walter et al., 2009; Röösli et al., 2014) than we observe. Seismic tremor
caused by water movement into moulins or through subglacial channels generates energy
with a similar frequency content to that we observe (Röösli et al., 2014; Bartholomaus
et al., 2015; Röösli et al., 2016b), but moulin tremor typically lasts for multiple hours
and is most frequently documented in the afternoon, when surface drainage into moulins
peaks (Röösli et al., 2014; Röösli et al., 2016b). Tremor signals generated by turbulent
water flow through a subglacial conduit show peak frequencies between 1.5 and 10
Hz (Bartholomaus et al., 2015), but are nearly continuous, with amplitudes varying
diurnally and seasonally. In contrast, the signals we observe have durations of only ∼30
minutes, limited to the time period immediately surrounding the glacial earthquake and
smaller intermediate-period events we document, regardless of time of day or season.
We consider it likely that the high-frequency signal we observe is generated by
multiple processes associated with ice deformation and ice and water motion during the
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calving process. Some of the high-frequency signal is likely generated by high levels of
crevassing, fracturing, and shearing of the ice in the near-terminus region as the icebergs
detach from the glacier, and as ice near the calving margin responds to a new, post-
calving stress state. Deformation of the ice mélange almost certainly contributes to the
high-frequency signal (Amundson et al., 2010), and motion of water within the glacier
and at the bed in response to iceberg motion and terminus deformation may provide
additional contributions. Results from GPS observations at Helheim Glacier and analog
tank experiments (Murray et al., 2015a) highlight the long (>5 minute) total durations
of buoyancy-driven calving events, from initiation to completion of iceberg rotation.
Our observations of the extended duration of high-frequency energy associated with
such calving events are consistent with the glacier and mélange undergoing an extended
period of deformation, likely distributed across the terminus region, as it responds to
the changing geometry and stress state at the terminus region during buoyancy-driven
calving events.
2.5.3 Occurrence Frequency of Buoyancy-Driven Calving
Events
The small, intermediate-period seismic events we identify occur predominantly within
one hour of a large glacial earthquake (98% of small events), with few additional small
events in our 24-hour search window, suggesting a possible causal linkage between the
small and the large events. To assess whether additional, similar events occur at other
times, we (1) expand our search for small seismic events to include two additional time
periods, and (2) experiment with modification to our detection parameters.
The first additional time period we consider is defined by available imagery. Using
the same template waveform for Jakobshavn Isbræ as previously, we perform cross-
correlation analysis on vertical-component seismic data from station ILULI for the full
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time period during which Xie et al. (2018) collected radar-interferometry observations.
Their observations were made at the terminus of Jakobshavn Isbræ for a total of 32
days over the summers of 2012, 2015, and 2016. In addition to the glacial earthquake
on 2 August 2012 discussed in section 5.1 (the only glacial earthquake during these
32 days) and the newly identified small seismic event that precedes it, we identify 14
other small seismic events at Jakobshavn Isbræ during the 32-day time window (Table
2). Each seismic event is recorded by multiple seismic stations and accompanied by
ice loss visible in the imagery, and every visible ice-loss event generates a coincident,
detectable seismic signal. Seven of the small events show high enough signal-to-noise
ratios at multiple GLISN stations to allow waveform modeling; the results are given in
Table 2. The forces we resolve for each event are perpendicular to the region of mass loss
at the terminus, and high-frequency signals are elevated at the times of these events,
just as they are for the small, intermediate-period seismic events preceding or following
glacial earthquakes and for the earthquakes themselves. We interpret these small events
as additional, small glacial earthquakes generated by buoyancy-driven calving. Nine of
the 14 events occur within 24 hours of another event, and the record includes periods as
long as a week when no calving occurs, suggesting that the small events are temporally
clustered, even in the absence of a larger glacial earthquake.
The second additional time period we consider spans a full season of calving at
Jakobshavn Isbræ. During this time period, we search for small seismic events not
associated with known glacial earthquakes. We apply our cross-correlation method to
continuous seismic data recorded at station ILULI from June–August, 2013, a time
period during which eleven glacial earthquakes at Jakobshavn Isbræ were identified
using GSN data (Olsen and Nettles, 2017). Beyond the seven small events associated
with glacial earthquakes discussed earlier, the cross-correlation detector identifies only
four additional small events in the 92-day time period examined. The events are listed
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in Table 2.
In our earthquake-detection approach, we have chosen fairly strict criteria for ac-
ceptance of candidate signals as true seismic sources at the calving front. In our effort
to avoid false detections, we almost certainly reject some true sources, and the cat-
alog of small seismicity presented here is likely to be incomplete. When we reduce
the signal amplitude required to declare a detection (assessed visually as described in
Methods), we identify as many as 22 additional small events in the 12 hours prior to the
82 glacial earthquakes considered here, and as many as eight additional small events
in the full calving season we consider at Jakobshavn Isbræ. These small events share
frequency-content characteristics with the small events we present in Table 1 and show
the same signal moveout across the seismic network, consistent with an origin at the
calving front. We favor the simple interpretation that these small events are generated
by the same buoyancy-driven-calving source as the events in Table 1. The temporal
clustering of these small signals around glacial earthquakes is similar to that of the A-
and B-type events in Table 1. This suggests that the temporal patterns we observe in
the events presented in Table 1 will hold even if the detection threshold for small events
is modified. Future work towards constructing a more complete catalog or identifying
a seismic magnitude of completeness will require development of a more sophisticated
detection algorithm, and is beyond the scope of this study.
We conclude that small iceberg-calving events of the size reported here (surface
areas down to ∼0.05 km2) occur preferentially, though not exclusively, in association
with the large calving events that generate teleseismically detectable glacial earth-
quakes. This result suggests that buoyancy-driven calving occurs primarily as discrete
calving sequences, in which several significant icebergs are lost in a time period that is
often ≤1 hour; in some cases two such sequences are observed to occur within 24 hours.
Typically, these sequences are separated by days- to weeks-long periods of terminus
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quiescence. The close temporal association of the calving events, and particularly the
common occurrence of a precursor to the largest calving event, suggests that the events
within a sequence are causally linked, with all events occurring in response to terminus
conditions, or with one event triggering the next, an idea we explore further in section
5.4.
2.5.4 Small Seismic Events and the Marine Ice-Cliff
Instability
Bassis and Walker (2012) calculated a thickness limit for marine-terminating glaciers
that depends on water depth, but reaches a maximum of 900–1100 m, depending on
the extent of crevassing and reasonable assumptions of the yield strength in ice. This
maximum occurs at the glacier floatation level, such that the maximum height of the
subaerial cliff face reaches roughly 90–110 m. It has been argued that, in circumstances
where structural failure of thick ice and its rapid evacuation expose even thicker ice, a
positive feedback leading to very rapid ice-front retreat may occur. As currently imple-
mented in ice-sheet models, this ‘marine ice-cliff instability’ (MICI) leads to accelerated
retreat of ice margins in Antarctica and increases the rate of projected sea-level rise
(Pollard et al., 2015; DeConto and Pollard, 2016).
Jakobshavn Isbræ is about 1 km thick at its calving margin, with an ice cliff of
∼100 m extending above the waterline (e.g., Joughin et al., 2012); the corresponding
thickness at Helheim Glacier has varied from ∼650 m to more than 800 m over time,
with subaerial ice cliffs of ∼70–100 m (Howat et al., 2005; James et al., 2014; Kehrl
et al., 2017). The terminus thickness at Kangerdlugssuaq Glacier is less well known,
but the height of the subaerial cliff at the terminus was ∼100 m from 2001–2012. Ice at
the terminus appears to have been close to floatation throughout this time (Kehrl et al.,
2017), suggesting a total thickness similar to that of Jakobshavn Isbræ and Helheim
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Glacier. The thickness of Jakobshavn Isbræ, Helheim Glacier, and Kangerdluggsuaq
Glacier, similar to the calculated maximum thickness identified by Bassis and Walker
(2012), suggests they may experience ice-cliff failure, and such a suggestion is implicit
in the work of Pollard et al. (2015). In this section, we evaluate the relation of the
small, precursory events we identify to the MICI hypothesis.
Because the Bassis and Walker (2012) model uses a depth-averaged formulation
for deviatoric stress, it need not address which modes of failure are most likely to occur
in order to keep an ice front at or below its maximum allowed thickness. However,
the stress distribution in the ice is likely to favor particular failure modes. Failure at
or near the waterline may be promoted by the concentration of stresses there due to
the difference in density of air and water (e.g., Reeh, 1968; Benn et al., 2007). It has
long been observed that failure of, and calving from, the subaerial portion of a marine
terminus leads to a buoyancy imbalance, triggering calving of the submarine ice left
behind (Motyka, 1997; O’Neel et al., 2007). Such two-part failure might also occur
from well-grounded ice, leading to rapid ice-margin retreat even in thick, grounded
ice like that present in some parts of Antarctica. Observations from the LeConte
and Columbia glaciers in Alaska (Motyka, 1997; O’Neel et al., 2007) suggest that the
triggering subaerial failure most often occurs minutes before the submarine failure. In
the case of such two-stage failure, we would expect to observe seismic signals from both
failure events. We therefore evaluate whether the small events we observe prior to large,
glacial-earthquake calving events may represent a triggering failure of the subaerial ice
cliff.
Catastrophic failure of an ice cliff due to high overburden is analogous to other
mass-wasting events acting on a vertical free surface, such as a rock fall from a canyon
wall. A similar set of forces is expected whether the failure occurs in ice or in rock.
Collapse of a vertical rock face produces a set of seismically resolvable forces, dominated
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by the vertical force generated as the mass first accelerates downward and then decel-
erates on impact with the ground (Gualtieri and Ekström, 2016). In direct contrast,
the forces we resolve for each of the small seismic events studied here, occurring at the
glacier terminus prior to major buoyancy-driven calving events, are subhorizontal, and
hence inconsistent with subaerial cliff failure.
We perform a further test for the possibility of a vertical source for the small
glacial events by performing the force inversion with the requirement that the retrieved
force be vertical. The resulting model seismograms provide very poor fits to our data.
Furthermore, the significant Love wave energy we observe for each small event is in-
consistent with a vertical force. A purely vertical source would generate azimuthally
uniform Rayleigh wave amplitudes, and would not excite Love waves. By contrast, a
horizontal force would generate maximum Rayleigh wave energy in the direction aligned
with the force, and maximum Love wave energy perpendicular to the force. We con-
sistently observe the latter pattern of Love and Rayleigh waves generated by the small
events in this study (e.g., Figure 2.6).
Alternatively, a block of ice might be detached from the subaerial cliff face along
a listric fault or arcuate surface like that observed at the base of some landslides, in
which the failure surface is near vertical at the uphill edge of the sliding mass, becoming
near horizontal as it soles out at the downhill edge of the mass (in this case, at the
waterline). We consider the minimum plunge for a force produced by such an ice slump,
which would be produced by a block of ice detaching from the uppermost portion of the
calving face and translating horizontally seaward on a low-angle surface within the ice
and landing in the water. Given a 100-m-tall ice cliff and assuming a block measuring
50–100 m in the along-flow direction (consistent with the iceberg dimensions measured
in this study for the small, precursory events), the mass movement would result in
plunge angles between 40◦ and 60◦; the center of mass must descend 90 m as the block
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enters the water. These minimum plunge angles are notably higher than those we
obtain for events in our dataset, all of which are less than 30◦ and 70% of which are
<20◦ (Table 1).
To confirm our ability to detect an ice slump, if present, we consider the force
generated by a block of ice accelerating due to gravity, and compare it to the maximum
amplitude of the force active during the events we record seismically. Assuming the
range of surface-area dimensions estimated by Walter et al. (2012) for the small block of
ice observed to detach from Jakobshavn Isbræ five minutes before the glacial earthquake
on 21 August 2009, and a thickness equal to the height of the ice above the water line
(90 m), the amplitude of the vertical force generated due to gravitational acceleration
of this block would be 2.4–3.6 × 1010 N. This range of values is at the upper end of
the force amplitudes we observe for the small seismic events in this study (0.43–4.2 ×
1010 N), and such a vertical force should therefore be clearly resolvable in our analysis,
if present. This is particularly true since Rayleigh waves are recorded on the quieter,
vertical component of the seismograph, rather than only on the noisier, horizontal
components, as is the case for Love waves. None of the 33 small events we analyze
have large vertical-force components. We therefore conclude that the small events we
have identified prior to major calving events do not represent ice slumps or failure of
the subaerial ice cliff, and thus do not act as a trigger for the subsequent, larger events
through enhancement of super-buoyancy. Clearly, our result does not preclude the
possibility of such failure in Antarctica or elsewhere; but we find no evidence for this
manifestation of the marine-ice-cliff instability at Jakobshavn Isbræ, Helheim Glacier,
or Kangerdlugssuaq Glacier.
We note that Pollard et al. (2015) argue that the dramatic calving events at Jakob-
shavn Isbræ and Helheim Glacier documented by Amundson et al. (2010) and James
et al. (2014), respectively, may represent examples of individual calving events caused
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by structural ice-cliff failure. Pollard et al. (2015) and DeConto and Pollard (2016) base
their horizontal wastage rates on those observed for the recent, rapid retreat of the ice
front at Jakobshavn Isbræ. The calving events referred to by Pollard et al. (2015) are of
the type that we describe in this study as ‘buoyancy driven’, and, like other such events,
produced glacial earthquakes. Available evidence suggests that all glacial earthquakes
represent calving of the type shown in the video footage of Amundson et al. (2010)
and James et al. (2014): the calving of full-thickness icebergs that overturn as they
move away from the calving front. To the extent that failure through the full glacier
thickness provides evidence that ice thickness is a primary control on calving rates at
some Greenland glaciers, our full dataset of glacial-earthquake events would constitute
evidence for the importance of structural, ‘ice-cliff’, failure. In that scenario, all of the
events we discuss in this study — the glacial earthquakes and the small events preced-
ing and following the glacial earthquakes — would represent evidence of marine ice-cliff
failure, and, possibly, instability. This possibility merits closer examination, but we do
not pursue it further here.
2.5.5 Iceberg Size and Relationship to MCSF
The centroid-single-force inversions we conduct result in an estimate of the size of each
seismic event, referred to as the CSF amplitude, or MCSF (Table 1 and Table 2). The
MCSF values for the majority of the small seismic events we analyze are at or below the
previously reported lower limit for glacial earthquakes (Figure 2.8). We hypothesize
that these newly detected seismic events have lower MCSF values primarily because they
are generated by icebergs smaller than those that generate the large, globally detectable
glacial earthquakes previously reported. To investigate this hypothesis, we compile
estimates of iceberg size for both calving events that generated glacial earthquakes and
those that generated the newly discovered small seismic signals.
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The most reliable volume estimates for glacial-earthquake-producing icebergs come
from ground-based, high-frame-rate imagery acquired at calving fronts. Published es-
timates of iceberg surface area from such data are available for five events occurring
at Helheim Glacier and Jakobshavn Isbræ (Walter et al., 2012; Rosenau et al., 2013;
James et al., 2014; Murray et al., 2015a). The estimates range from 0.35 km2 to 1.8
km2 (Figure 2.9), and correspond to map-view surface area prior to iceberg overturn.
The thickness of the three glaciers we study ranges from 0.7–1 km. Because constraints
on glacier thickness at the calving front are sparse, we consider the surface areas of the
icebergs, rather than estimates of volume.
To obtain estimates of iceberg area for the small events we report, as well as for
one additional glacial earthquake, we difference terminus positions digitized from the
time series collected by Xie et al. (2018). The pairs of images are separated by 3–
27 minutes. We find an iceberg surface area of 0.08 km2 for the calving event that
generated the glacial earthquake, which occurred on 2 August 2012, and areas ranging
from 0.045–0.330 km2 for the calving events that generated eight small seismic events.
We compare the estimates of iceberg size with the corresponding MCSF values in
Figure 2.9 (colored symbols). We find a broad correlation between iceberg area and
MCSF , confirming that the smaller seismic events – small glacial earthquakes – are
indeed caused by calving of smaller icebergs. This relationship provides additional
support for the interpretation that the small events are caused by the same physical
process as the larger, previously reported events. We note that we do not expect
a unique relationship between the MCSF values and the iceberg mass (or area). The
mass and distance terms that contribute to the CSF amplitude cannot be independently
estimated from the long-period seismic data, and contributions from hydrodynamics
and iceberg shape are likely to cause additional scatter in the relationship.
As an initial step towards interpretation of the observed relationship between ice-
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berg size and seismic amplitude, we calculate predictions for a simple model of iceberg
overturn. For a CSF source in which the accelerating mass does not change over the
duration of the seismic event, the CSF amplitude can be represented as MCSF = m×d,
where m is the mass and d the distance over which the center of mass is translated
during the event. For a model in which an iceberg of rectangular cross section rotates
through 90◦, coming to rest with its long axis horizontal and the previous top surface of
the berg flush against the calving face, d can be taken as one-half the difference in the
iceberg thickness and its width. The shading in Figure 2.9 shows the range of possible
MCSF values given iceberg heights of either 1000 m (dark grey: estimate for thickness
of Jakobshavn Isbræ; e.g., Joughin et al., 2012), or 700 m (light grey: approximate
thickness of Helheim Glacier; James et al., 2014) and along-flow iceberg widths up to
100 m less than iceberg height.
Despite the highly simplified nature of the model, both the predicted range of
MCSF values for a given iceberg surface area and the predicted trend are similar to those
observed. However, the tendency of the observations to follow the right-hand side of the
predicted range of values highlights a failure of the simple model: the large-area bound
of the model range corresponds to icebergs with larger aspect ratios (∼0.75–0.9) than
those typically observed to capsize based on limited field observations. The model does
not include any contribution from calving style (e.g., bottom-out vs. top-out calving;
Amundson et al., 2010; Sergeant et al., 2018), hydrodynamic contributions to the force
system (Amundson et al., 2012; Murray et al., 2015a), the extent of ice mélange in the
fjord system (Tsai et al., 2008), or other factors. Interpreting the observed relationship
between iceberg area and MCSF will require a more sophisticated model, and may
require improvements in estimation of the seismological observables. For example, our
MCSF estimates rely on a simple assumption about the time history of the forces acting
during each calving event, in which the event duration is held fixed to the same value
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for all events. The retrieved value of MCSF is affected by this choice, likely at the level
of 10–40% (Veitch and Nettles, 2012).
Clearly, more work is needed to interpret the relationship illustrated in Figure
2.9. However, the demonstration of an empirical relationship between iceberg size and
a basic seismological observable, MCSF , is encouraging, and suggests the possibility
of establishing geophysically useful scaling relationships between mass lost in iceberg
calving events and remotely observable seismic signals. Such relationships are routinely
used to aid in understanding tectonic earthquakes and, increasingly, landslides (e.g.,
Ekström and Stark, 2013).
Previous attempts to demonstrate any relationship between iceberg size and MCSF
failed in part because multiple calving events often occur between satellite image acqui-
sitions, and in part because the previously available distribution of earthquakes sizes
was very narrow. We illustrate this problem with the open circles in Figure 2.9, which
show estimates of calved area obtained by differencing terminus locations digitized from
Landsat 7 and 8 images taken within nine days of each other, and for which only one
glacial earthquake is known to have occurred, based on records from the GSN. These
estimates agree poorly with the trend defined by the suite of events with robust single-
event calving-area estimates. The most likely explanation for the poor agreement is
that more than one calving event occurred during the interval between Landsat im-
ages. Progress in establishing a robust observational relationship between iceberg size
and seismic observables would clearly benefit from a larger dataset of well-constrained
iceberg-size estimates; from improved estimates of MCSF and other seismic observables
for large and small events; and from improved detection capability for small events.
66
2.5.6 A Larger Mass-Loss Contribution from
Buoyancy-Driven Calving
Our findings suggest that buoyancy-driven calving is a more frequent occurrence than
previously recognized at Greenland’s tidewater glaciers. The number of newly detected
events is large, nearly doubling the number of known glacial-earthquake-type events for
the dataset we study. The results we present here also suggest that buoyancy-driven
calving is not limited to icebergs of cubic-km scale, but extends to icebergs of smaller
dimensions.
We do not have direct constraints on the thickness of the small icebergs we in-
vestigate here, but the simplest interpretation is that they represent calving of the
full glacier thickness. Icebergs that generate the large, previously known glacial earth-
quakes are observed to extend the full glacier thickness, as evidenced by sediment-laden
basal ice exposed during capsize (Amundson et al., 2008; Walter et al., 2012; James
et al., 2014). Although terminus undercutting due to submarine melting has been ob-
served at several west Greenland glaciers (Fried et al., 2015; Rignot et al., 2015), such
undercutting would reduce the super-buoyancy that leads to buoyancy-driven calving;
and in the extreme case where the ice sits higher than its equilibrium position, would
lead to vertical iceberg motion and seismic forces similar to that discussed earlier for
failure of the subaerial cliff face. We do not observe this behavior.
Assuming full-thickness calving (terminus heights of 900–1000 m) for the small
events we report leads to iceberg volume estimates of ∼0.04–0.33 km3. These volumes
are up to two orders of magnitude smaller than calved icebergs associated with previ-
ously detected glacial earthquakes (e.g., James et al., 2014), but, because the number
of events is large, represent ice loss totaling an additional 10–30% of that accounted for
by the existing glacial-earthquake catalog for the dataset we study.
Where continuous observational time series of the termini of these large Greenland
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tidewater glaciers exist, they show that most visible ice loss occurs during calving se-
quences; in between, the geometry changes little. Our findings support and extend this
notion. The increase in mass loss and buoyancy-driven calving suggested by our findings
results primarily from additional, smaller events surrounding large events, not from ad-
ditional, temporally isolated events distributed throughout the calving season. Tempo-
ral clustering of calving has previously been observed in the glacial-earthquake catalog:
Jakobshavn Isbræ, Helheim Glacier, Kangerdlugssuaq Glacier, and other Greenland
glaciers have all generated multiple glacial earthquakes within a 24-hour period (Tsai
and Ekström, 2007; Veitch and Nettles, 2012; Olsen and Nettles, 2017). The results
we present here extend our understanding of calving sequences to include icebergs
across a range of sizes spanning three orders of magnitude, and to events more closely
linked in time. Seismic evidence indicates that all of these icebergs are lost through
buoyancy-driven calving, suggesting that such calving is more prevalent than previously
recognized, and that buoyancy-driven calving is likely to dominate dynamic mass loss
at near-grounded tidewater glaciers, as suggested by James et al. (2014) and Murray
et al. (2015c).
2.6 Conclusions
We employ seismic data recorded at regional distances to identify previously undetected
seismic signals associated with glacier calving at Greenland’s three largest glaciers.
Waveform-modeling results demonstrate that the small seismic events we detect are
generated by near-horizontal forces, and we interpret them as small glacial earth-
quakes caused by buoyancy-driven calving of icebergs with volumes 0.04–0.33 km3,
much smaller than the cubic-km-scale icebergs known to cause previously reported
glacial earthquakes. Our results increase the number of known glacial earthquakes for
the time period and glaciers we study by ∼98%. Using well-constrained estimates of
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iceberg size obtained in this study and from published sources, we demonstrate an em-
pirical relationship between the size of the glacial-earthquake seismic signal and the
size of the calved iceberg. The relationship agrees broadly with a simple model relat-
ing iceberg surface area and the glacial-earthquake CSF amplitude. This result, along
with progress in understanding seismic signals using numerical and analog models of
calving (e.g., Murray et al., 2015a; Sergeant et al., 2018, 2019), increases the utility of
the seismic data as a remote-sensing tool for interrogating calving processes and glacier
dynamics at large tidewater glaciers.
Although the new events we detect occasionally occur in isolation, they occur
most often in close temporal association with large glacial-earthquake events. The
frequent occurrence of small seismic events in the minutes preceding large, buoyancy-
driven calving events leads us to explore whether the precursory signals might represent
failure of the subaerial cliff face, triggering the subsequent, large calving events in a
version of the marine-ice-cliff instability mechanism. We find no evidence for such a
mechanism. However, it is likely that the calving sequences occur at a time favored by
background conditions at the terminus, and that the loss of a small or large iceberg
from one section of the terminus changes the stress state in a manner that promotes
failure on adjacent, uncalved sections. Changes in the strength of the proglacial ice
mélange resulting from large calving events may also promote event clustering like that
we observe.
Between buoyancy-driven seismogenic calving events, the calving front appears
largely quiescent. High-rate imagery constraints from Jakobshavn Isbræ confirm that
no significant calving occurs during periods without seismic activity. Our results suggest
that the amount of ice lost due to buoyancy-driven calving at Greenland’s glaciers is
larger by ∼10–30% than previously known, and that the buoyancy-driven calving mech-
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Table 1: Timing and centroid-single-force solutions for the small seismic events of this study. Columns give glacier name; event number;
parameters for small events before a glacial earthquake: azimuth of CSF vector in degrees east of north; plunge of CSF vector in degrees with
respect to horizontal; CSF amplitude MCSF , in units of kg m, to be scaled by 1013 (for event 1, MCSF = 0.69 x 1013 kg m); time of small
event; number of minutes small event occurred before glacial earthquake; glacial earthquake event name; parameters for small events after a glacial
earthquake: number of minutes small event occurred after glacial earthquake; time of small event; azimuth of CSF vector in degrees east of north;
plunge of CSF vector in degrees with respect to horizontal; CSF amplitude MCSF , in units of kg m, to be scaled by 1013. Type-B small events are
listed in bold, all other small events listed are type A.
Small Event Before Small Event After
Minutes Glacial Minutes
No. Az. Pl. MCSF Time Before Earthquake After Time Az. Pl. MCSF
Jakobshavn
Isbræ
1 112 –29 0.69 20:09 3 200908112012A 6 20:18
2 106 –8 0.44 6:57 5 200908210702A 5 7:07 191 –10 1.23
3 1:06 6 201003190112A – –
4 – – 201004141410A 4 14:14 293 6 0.39
5 – – 201005210356A 6 4:02 90 –2 0.44
6 9:20 3 201006170923A – –
7 4:32 408 201007151120A – –
11:17 3 201007151120A 4 11:24 99 –8 1.30
8 15:54 6 201008191600A – –
9 13:42 2 201202121344A 6 13:50 302 15 0.37
10 – – 201202121616A 17 16:33
11 20:16 405 201206260301A – –
296 18 0.69 2:58 3 201206260301A 5 3:06 110 –21 0.48
12 139 –7 1.12 20:12 10 201207082022A – –
13 277 5 0.40 23:04 6 201208022310A – –
14 8:18 2 201209020820A – –
8:10 10 201209020820A – –
15 9:05 10 201209070915A – –
9:12 3 201209070915A – –
16 14:44 2 201209221446A – –
17 131 –17 0.66 12:50 3 201209241253A – –
18 16:04 2 201211241606A – –
19 9:04 13 201301120917A – –
20 9:01 4 201303290905A 7 9:12 285 22 0.88
21 2:47 11 201304060258A 4 3:02 282 19 1.17
22 12:37 8 201305231245A – –
23 – – 201306170349A 7 3:56
24 17:47 2 201306241749A – –
25 20:05 6 201306272011A – –
20:09 2 201306272011A – –
26 4:01 4 201307010405A – –
27 – – 201307030819A 6 8:25
28 23:39 2 201307162341B 6 23:47 314 23 1.42
29 112 –18 1.01 8:56 4 201309090900A 23 9:23 331 0 1.71
– – 201309090900A 35 9:35
30 18:44 15 201309101859A – –
338 5 0.80 18:48 11 201309101859A 15 19:14
31 3:01 3 201309110304A 8 3:12
32 – – 201312050954A 7 10:01
Helheim
Glacier
33 292 1 0.52 14:04 5 201106211409A – –
34 – – 201106251317A 9 13:26 129 5 1.38
35 313 –25 1.02 3:47 14 201112040401A – –
36 268 –27 1.22 1:48 6 201201170154A – –
37 – – 201204140148A 14 2:02
38 326 –11 19:15 4 201208231919A 10 19:29
39 304 –8 2.78 18:18 11 201209271829A – –
40 11:36 5 201303041141A 4 11:45 310 –6 2.64
41 – – 201303140346A 9 3:55
42 11:30 10 201304131140A – –
43 19:49 12 201307302001A – –
44 23:36 5 201308142341A – –
45 – – 201308142350A 10 00:00
Kangerdlugssuaq
Glacier
46 12:58 3 200109031301 7 13:08
47 16:34 3 200110011637 9 16:46
48 2:43 3 200111290246 12 2:58
49 7:23 4 200112200727 15 7:42
50 17:16 3 200112281719 – –
51 13:49 2 201109191351A 5 13:56
52 7:23 2 201112050725A 7 7:32
53 – – 201212051626A 8 16:34
54 280 1 0.27 2:34 4 201212150238A – –
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Table 2: Seismic signals coincident with ice-loss events observable in imagery of Xie et al. [2018] (first 14 events listed) or observable in the
June-August, 2013 seismic record at Jakobshavn Isbræ (last four events listed). Columns give date and time of small event; azimuth of CSF vector
in degrees east of north; plunge of CSF vector in degrees with respect to horizontal; CSF amplitude MCSF , in units of kg m, to be scaled by 1013.
Observing periods of Xie et al. [2018] were 31 July – 12 August, 2012; 6 June – 10 June, 2015; and 7 June – 20 June, 2016. Type-B small events
are listed in bold, all other small events listed are type A.
Y M D h m Az. Pl. MCSF
2012 7 31 18 29 288 1 0.44
2012 8 1 19 4
2012 8 2 8 7
2012 8 2 10 28
2012 8 3 4 15 5 –1 0.73
2012 8 3 8 38
2012 8 4 10 11 119 –9 1.00
2012 8 5 1 47 133 –11 1.07
2012 8 5 1 50 218 24 0.40
2012 8 5 3 7 358 8 0.78
2015 6 9 6 30
2015 6 9 8 35
2015 6 10 13 25 296 22 1.13
2016 6 10 9 14
2013 7 8 9 9
2013 7 14 7 4
2013 7 22 18 3


















Figure 2.1: Locations of glaciers investigated in this study, and (triangles) seismic stations around
Greenland. Red triangles show the stations closest to the three focus glaciers. Yellow
triangles show other GLISN stations used in this study. Blue triangles show additional
GLISN stations not used in this work.
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35 - 100 s
3 - 10 Hz
Figure 2.2: Vertical-component seismic data recorded at GLISN station ILULI. Largest-amplitude
signal is a glacial earthquake at Jakobshavn Isbræ on 19 March 2010. Blue line indicates
centroid time of the glacial earthquake (Veitch and Nettles, 2012). Data are filtered to
35–100 s (top panel) and 3–10 Hz (bottom panel). Green arrow identifies small seismic
signal in intermediate-period data. Colored trace in bottom panel shows envelope of the
data. Red denotes signal exceeding three times the standard deviation of the background
signal; yellow denotes signal below this threshold.
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Figure 2.3: Velocity seismograms filtered to 35–100 s and aligned on newly identified small seismic
signals occurring (left panel) before or (right panel) after a glacial earthquake. Each
line shows a seismogram for a single glacial earthquake, recorded by the closest seismic
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Figure 2.4: Ice-loss events on 21 August 2009 at Jakobshavn Isbræ. a) Record section for the glacial
earthquake on 21 August 2009 and the small seismic events surrounding it. Yellow
numbers indicate seismic events that generated the forces shown by arrows in panel b.
Blue dashed lines show 3.6 km/s velocity moveout. b) Landsat 7 image of the glacier
terminus. Solid red line indicates terminus position on 14 August 2009, before calving
activity began. Dashed red line indicates terminus position on 23 August 2009. Blue area
shows total area lost in seismic events 1 and 2 (panel a). White areas identify ice advance
between the two Landsat images. Black lines are unimaged sections due to failure of the
Landsat 7 scan-line corrector. Yellow arrows indicate force orientations for each seismic
event, obtained from waveform modeling. Seismic event 2 is a known glacial earthquake;
force azimuth for this event is from Veitch and Nettles (2012). Seismic event 1 at station





































Figure 2.5: Ice-loss events on 2 August 2012 at Jakobshavn Isbræ. a) Record section for the glacial
earthquake on 2 August 2012 and the small seismic event preceding it. Solid and dashed
red bars indicate timing of images showing terminus positions identified in the bottom
panel. Yellow numbers indicate seismic events that generated the forces shown by arrows
in panel b. Blue dashed lines show 3.6 km/s velocity moveout. b) Image from Xie et al.
(2018) showing calving front on 2 August 2012. Solid red line indicates terminus position
at 23:00, before calving activity began. Light blue area identifies area lost in first calving
event. Dark blue area identifies area lost in second calving event, which generated a
glacial earthquake. Yellow arrows indicate force orientations for each event, obtained

































Figure 2.6: Three-component seismic data for the seismic events at Jakobshavn Isbræ on 21 August
2009, recorded at GLISN station ILULI. Glacial earthquake occurs at 07:02 (grey shad-
ing). Two of the small seismic events analyzed in this study (blue shading) can be seen
at 06:57 (event 1) and at 07:07 (event 3). The three numbered events are the same as
those identified in Figure 2.4. Love waves are observed on the transverse component,
and Rayleigh waves on the radial and vertical components.
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Figure 2.7: Landsat images from summer 2013 showing each glacier terminus (black line). White
arrows indicate direction of glacier flow. Light-blue wedges show the orientation of 95%
of published glacial-earthquake force azimuths at each glacier. Colored bars show the
orientations of forces we obtain for the small events of this study. The outlying event at
Jakobshavn Isbræ corresponds to event 3 in Figure 2.4, and is discussed in Section 5.1.
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First GLISN station installed
Figure 2.8: Seismically determined MCSF values for all (blue circles) glacial earthquakes in the
published catalog and for (red stars) newly analyzed events presented in this study.
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Figure 2.9: Comparison between MCSF and iceberg surface area. 1. Red stars: small seismic events
at Jakobshavn Isbræ with iceberg areas estimated in this study from imagery of Xie
et al. (2018). 2. Blue star: glacial earthquake at Jakobshavn Isbræ on 2 August 2012;
area estimated in this study from imagery of Xie et al. (2018). 3. Glacial earthquake
at Helheim Glacier on 25 July 2013; area estimated by Murray et al. (2015c) from
ground-based imagery. 4. Glacial earthquake at Helheim Glacier on 31 July 2013; area
estimated by Murray et al. (2015c) from ground-based imagery. 5. Glacial earthquake at
Jakobshavn Isbræ on 21 August 2009; rectangle shows range of surface areas estimated
by Walter et al. (2012). 6. Glacial earthquake at Helheim Glacier on 12 July 2010, area
estimated by James et al. (2014) from ground-based imagery. 7. Glacial earthquake
at Jakobshavn Isbræ on 27 May 2010; area estimated by Rosenau et al. (2013) from
ground-based imagery. 8. White circles: glacial earthquakes with area estimates from
Landsat 7 and 8 images (this study). Grey shading represents values expected from a
simple model of the relationship between iceberg area and MCSF in which iceberg height





Glacial-Earthquake Size Through New
Modeling of the Seismic Source
Abstract
The number of gigaton-sized iceberg-calving events occurring annually at Green-
land glaciers is increasing, part of a larger trend of accelerating mass loss from the
Greenland ice sheet. Though visual observation of large calving events is rare, up
to 50 glacial earthquakes generated by these calving events are recorded teleseis-
mically each year. Both glacial-earthquake magnitudes and the size of the ice-
bergs that generate them span approximately an order of magnitude, but the re-
lationship between these two parameters has not been well understood. The first
demonstration of an empirical relationship between iceberg size and a summary
measure of glacial-earthquake magnitude, MCSF , was recently presented based
on a subset of well-studied calving events (Olsen and Nettles, 2019). However,
a known limitation of the MCSF metric is its sensitivity to choices made about
the representation of the seismic source. Compared to tectonic earthquakes, rel-
atively little is known about the shape and duration of the glacial-earthquake
source time function.
In this study, we evaluate whether the use of more-sophisticated source mod-
els would improve the accuracy of estimated source parameters. We incorporate
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constraints on the character of the seismic source from field and laboratory stud-
ies of calving (Murray et al., 2015a; Cathles et al., 2015) and numerical models
(Sergeant et al., 2018), and test a variety of source functions using both synthetic
and observed glacial-earthquake waveforms. We demonstrate a three-fold im-
provement in recovery of maximum-force values using source models informed by
laboratory and field data. Because the maximum-force values recovered through
waveform modeling have significantly less dependence on model duration than
does MCSF , we prefer maximum force as a measure of glacial-earthquake size.
We demonstrate a correlation between maximum-force values recovered using our
newly developed models and iceberg mass. Though a one-to-one relationship is
not expected between glacial-earthquake magnitude and iceberg size, our results
suggest the possibility of developing a useful scaling relationship between these
two parameters.
3.1 Introduction
Ice loss from the Greenland ice sheet has accelerated in recent years, and up to half of
that mass loss results from iceberg calving. More than 200 glaciers around Greenland
advect ice from the interior of the ice sheet to the ocean (Moon et al., 2012), and during
the summer months, multiple large iceberg-calving events can occur at a single glacier
over the course of a day (e.g., Olsen and Nettles, 2019). Some of the largest calving
events involve icebergs up to ∼1 km3 in scale that are driven to capsize against the
glacier terminus by buoyancy forces. These rotational calving events generate glacial
earthquakes, magnitude ∼5 seismic events that can be detected using the broadband
stations of the Global Seismographic Network (GSN) and the Greenland Ice Sheet
Monitoring Network (GLISN). During calving, the motion of the iceberg and the water
it displaces exert a time-varying force upon the earth. The seismic waves generated by
these forces contain information about the physics of the calving process, and about
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the iceberg that was lost.
Study of glacial earthquakes allows retrieval of source parameters for each event.
Approximately 450 events from 1993–2013 have been cataloged and analyzed systemati-
cally (Tsai and Ekström, 2007; Veitch and Nettles, 2012; Olsen and Nettles, 2017, 2019),
using a centroid-single-force (CSF) approach (Kawakatsu, 1989; Ekström et al., 2003).
All events were analyzed using a fixed depth and a double-boxcar-shaped model of the
force history. Parameters estimated include event timing, location, force orientation,
and a summary measure of glacial-earthquake size, MCSF . Glacial-earthquake loca-
tions are accurate to about 15 km and track the evolution of glacier-terminus position
(Veitch and Nettles, 2012, 2017). Seismically determined force orientations have been
shown to be accurate to within ∼10◦ by comparison with ground-truth data (Veitch
and Nettles, 2017; Olsen and Nettles, 2017, 2019).
In a recent study (Olsen and Nettles, 2019), we provided the first demonstration
of a correlation between iceberg size and MCSF . Analysis of an additional nine calving
events shows them to be in close agreement with the previously reported trend (Figure
3.1). Further, the relationship between seismic magnitude and iceberg size follows
the general trend of a very simple geometric model constructed by assuming that the
seismic magnitude of a glacial earthquake depends solely on iceberg mass and the
distance required for the iceberg to capsize. However, the seismically estimated MCSF
values are systematically smaller than the predicted values for icebergs of typically
observed width-to-height aspect ratios. Given the observed dimensions of each iceberg,
the simple model predicts MCSF values approximately an order of magnitude larger than
observed. Model predictions for MCSF are shown in Figure 3.1 with white symbols. The
empirical demonstration of a clear relationship between seismic magnitude and iceberg
size, combined with the unexpected relationship with the simple model, suggests that
a more detailed investigation is merited.
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The disagreement between model predictions and observed glacial-earthquake pa-
rameters is unlikely to come from errors in the estimates of iceberg size, which are
on the order of 0.01 km2 (Timothy James, personal communication). Formal errors
in MCSF values likewise do not account for the differences, as they are approximately
10% of reported MCSF values. However, the formal errors likely underestimate the true
errors, since they do not take into account systematic errors, or error introduced due
to incorrect assumptions in the forward model.
The modeling assumption most likely to affect estimates of earthquake size is the
specified force-time function. Tsai et al. (2008) considered a range of force models and
found that glacial-earthquake waveforms could be modeled well using a 50-s, symmetric,
double-boxcar force model like that shown in Figure 3.2a and used in the studies of
Tsai and Ekström (2007), Veitch and Nettles (2012) and Olsen and Nettles (2017),
or using asymmetric boxcar models of varying durations. However, the MCSF values
obtained are known to be sensitive to the duration of the source model used in the
analysis. Veitch and Nettles (2012) demonstrated that retaining the boxcar shape but
varying the duration of the force function by 20% changed the estimated MCSF value
by 20-30%. Extending this analysis, we find that doubling the source-model duration
can increase the estimated MCSF value by a factor of 4 or more (Figure 3.3), though
estimates of force geometry change very little.
Earthquakes the size of the glacial earthquakes (MSW ∼4.6–5.2) generate surface
waves most easily analyzed in the period band from ∼40–150 s, where signal strength
is high, Earth noise is relatively low, and the Earth’s lateral velocity heterogeneity
is well described. For this reason, CMT and CSF analysis use seismograms in this
frequency band as primary data constraints. Tectonic earthquakes of these magnitudes
have durations of a few seconds, such that estimates of scalar moment, M0, are only
weakly sensitive to the choice of the moment-rate function used for analysis. However,
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the duration of the glacial earthquakes is long, and similar to the period band used in
CSF analysis, making estimates of MCSF sensitive to the choice of force-time history. A
key limitation in the estimation of the MCSF parameter is thus our lack of knowledge of
the true force-time history for the glacial earthquake. Because of this lack of knowledge,
all glacial earthquakes in the catalog have been modeled using the same simple source
model with a fixed duration and shape (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017, 2019).
Ideally, a description of the force-time history for glacial earthquakes could be
extracted directly from the seismic waveforms. However, the slow source process of
the glacial earthquakes (10s of s) results in seismic waves that are depleted in high-
frequency energy at periods shorter than ∼30–50 s. The high-frequency depletion of
glacial-earthquake events has long been recognized (Ekström et al., 2003), and is the
reason glacial earthquakes go undetected by short-period body-wave detectors. Olsen
and Nettles (2019) employed data recorded by GLISN seismometers located within
100 km of glacier termini and confirmed the lack of coherent signal at short periods.
Glacial-earthquake energy is also limited at long periods because of the relatively small
sizes of even the largest glacial earthquakes (MSW ∼5). Even at quiet, nearby seismic
stations glacial-earthquake energy is below noise levels at periods above 100–150 s.
In recent years, field observations (Murray et al., 2015a), laboratory experiments
(Cathles et al., 2015; Amundson et al., 2012; Burton et al., 2012), and numerical mod-
eling (Sergeant et al., 2018) have advanced our understanding of the iceberg calv-
ing that generates glacial earthquakes. These studies have begun to place constraints
on the character of the force history associated with the glacial-earthquake source.
In this study, we test the feasibility of incorporating such observations into an im-
proved description of the glacial-earthquake force history. We assess the ability of
more-sophisticated models to return improved estimates of source parameters, includ-
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ing metrics of glacial-earthquake size. Using both observed and synthetic seismograms,
we also assess the relationship between alternative metrics of seismic magnitude, such
as peak force, and iceberg mass.
3.2 Background
3.2.1 Glacial Earthquakes
Glacial earthquakes are generated by a style of mass loss known as buoyancy-driven
calving, which occurs when a tidewater glacier terminates close to its grounding line,
and icebergs are lost from a short (∼≤1 km) floating ice tongue. If the glacier terminus
is driven below isostatic equilibrium as it flows into the water, buoyancy forces will
push upwards on the short floating ice tongue, driving basal crevassing and subsequent
iceberg calving. Icebergs lost through buoyancy-driven calving extend the full glacier
thickness (up to ∼1 km) and have been observed to have width-to-height ratios of ∼0.1 -
0.5 (Murray et al., 2015a; Olsen and Nettles, 2019; Walter et al., 2012; James et al., 2014;
Amundson et al., 2010). This tall, narrow geometry is unstable and leads the iceberg
to capsize against the terminus. The majority of these calving events involve bottom-
out iceberg rotation, where the top of the iceberg remains pinned against the terminus
during the first stages of rotation while the lower portion of the iceberg rotates up in
the water column and away from the terminus. A limited number of top-out calving
events have also been observed (e.g., Walter et al., 2012), but this calving geometry is
rare.
During iceberg capsize, time-varying horizontal and vertical forces are applied to
the Earth, which generate the seismic waves recorded as a glacial earthquake. The
largest-amplitude force is horizontal, generated by the iceberg accelerating into the
fjord and away from the glacier terminus during capsize (Nettles and Ekström, 2010;
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Murray et al., 2015a). A small vertical force is simultaneously generated behind the
rotating iceberg by a pressure drop in the water column (Murray et al., 2015a). The
sum of these forces is a subhorizontal force acting on the glacier terminus perpendicular
to the calving face. In the majority of glacial earthquakes this force has been found
to be initially oriented upglacier and between 0 – 30◦ uphill, reversing direction as the
iceberg decelerates (Veitch and Nettles, 2012, 2017; Olsen and Nettles, 2017, 2019). For
a minority of events, the force orientation estimated by the best-fit solution is instead
initially oriented downglacier and downhill. For this smaller subset of events, a second
acceptable solution with an upglacier-uphill orientation can be obtained by shifting the
centroid time by 25 s. This trade-off between orientation and centroid time arises from
the fact that the glacial-earthquake signal must be analyzed at periods close to the
source duration, along with the band-limited nature of the seismic data.
3.2.2 Estimation of the Seismic Source
The time-varying force exerted by a calving iceberg in the direction opposite its accel-
eration is similar in both geometry and frequency content to the forces generated by a
landslide mass accelerating downhill. Because of these similarities, glacial earthquakes
are modeled using a technique developed for the seismic analysis of landslides, known as
a centroid-single-force (CSF) approach (Kawakatsu, 1989; Ekström et al., 2003). The
CSF technique is closely related to the centroid-moment-tensor (CMT) technique (e.g.,
Dziewoński et al., 1981) used to model the source of tectonic earthquakes.
Ground motion recorded at a seismic station depends on the source that generates
the waves and on the Earth structure through which the waves travel. Ground motion




Ψik(r, rs, t) ∗ S(t) · fi
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where the Green function Ψ describes the predicted seismogram generated by a point
force f in direction i, acting at location rs, for a given model for Earth structure. The
time history of the seismic source is represented by the function S(t). The ∗ denotes
convolution.
In the CMT approach, the vector fi contains the amplitudes of the six elements
of the moment tensor. In CSF analysis of both landslides and glacial earthquakes, the
elements of vector fi describe the amplitudes of the three orthogonal components of
the active single force. Thus, the formulation of the ground-motion equation is similar
for CMT and CSF analysis and accurate ground-motion prediction relies upon both a
robust model of Earth structure and model of the source time function. A point-source
approximation in space is adequate for long-period data (if the wavelength is much
greater than the spatial extent of the source). S(t) is specified in both CSF and CMT
analysis due to the fact that in both cases the data used have little sensitivity to the
shape of the source function.
With models for both structure and source defined, the inverse problem can be
solved for fi. In practice the source time and location of an event are not precisely
known upon event detection. Therefore, inversion for the elements of the source as well
as the event time and location is conducted simultaneously, using an iterative approach
developed by Dziewoński et al. (1981), and following the implementation of Ekström
et al. (2012).
Whereas in teleseismic studies of tectonic earthquakes the moment-rate function
describes the source variation with time, in CSF analysis the force history or its integral
is used as the source-time function, S(t). A simple double boxcar force model of the
seismic source of glacial earthquakes (Figure 3.2a) has been used in analysis of all events
in the glacial-earthquake catalog to date (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017). This model specifies a 50-s-long, anti-symmetric source
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function that represents a constant force applied to the glacier terminus for 25 s as the
iceberg accelerates away from the terminus, followed by a 25-s deceleration phase that
applies a force of equal amplitude and opposite sign (Figure 3.2a). The model satisfies
the requirement that momentum be conserved and that the system be at rest before and
after a calving event. This model has been found to produce good fits to data. Given a
constant mass, the first integral of the CSF force history with respect to time represents
the momentum history of the sliding mass, also known as the impulse (Figure 3.2b),
and the twice-integrated force history can be interpreted as the product of mass and
distance. The value to which the mass x distance product converges (the zero-frequency
value) has been termed the centroid-single-force magnitude, MCSF (Figure 3.2c). The
MCSF value is analogous to the measure of seismic moment for a tectonic earthquake, in
the sense that it is a summary measure of earthquake size obtained when the event has
terminated. As with tectonic-earthquake studies, zero-frequency data are not necessary
to retrieve an estimate of seismic magnitude for glacial earthquakes. Instead, in both
tectonic- and glacial-earthquake studies, an accurate model of the seismic source allows
for accurate retrieval of event size.
3.2.3 Constraints on the Shape of the Glacial-Earthquake
Force History
GPS Observations and Analog Laboratory Experiments of Iceberg Calving
Though field observations of buoyancy-driven calving are sparse, insight has been gained
through analog studies simulating iceberg calving with a plastic block within a water-
filled tank (Burton et al., 2012; Amundson et al., 2012; Cathles et al., 2015). During
capsize of an analog iceberg, sensors located within the tank wall record time series
describing the force and pressure changes generated by iceberg rotation and hydrody-
namic effects (Figure 3.4; Cathles et al. 2015); an example of the tank setup is shown
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in Figure 3.5. Gravitational energy released during calving is related to iceberg height,
and force and pressure histories recorded in the lab can be scaled up to glacier di-
mensions using known relationships between the height of the analog iceberg used in
the experiment and the height of icebergs observed in the field using high-frame-rate
imagery (Burton et al., 2012; Amundson et al., 2012). Scaled-up laboratory force and
pressure records predict well direct GPS observations of glacier deflection during ice-
berg calving (Figure 3.5A; Murray et al. 2015a). The experimental data thus appear
to provide a robust analog with which to investigate details of the time-varying force
generated during iceberg capsize, as well as the relationship between iceberg size and
force magnitude.
The first ∼600 s of each horizontal-force history recorded during tank experiments
consists of a gradual increase in up-glacier force amplitude followed by a more rapid
decrease (grey-shaded portions of panels in Figure 3.4). This part of the force history
is interpreted as the glacier response to seaward iceberg acceleration during capsize
(Murray et al., 2015a).
Following the acceleration phase of the force history, each of the laboratory-derived
horizontal-force histories contain a rapid force reversal to a down-glacier force lasting
approximately 20 s (‘b’ in the upper left panel of Figure 3.4). We interpret this part
of the force history as the glacier’s response to rapid iceberg deceleration. This de-
celeration is likely driven by a combination of both reduced buoyancy force, as the
iceberg nears horizontal and no longer has significant mass out of isostatic equilibrium
in the water column, and the resisting force generated by water in the fjord slowing the
iceberg’s forward motion.
The force history seen in all laboratory experiments is evident in GPS data recorded
at the calving front as well (Murray et al., 2015a). GPS instruments deployed on Hel-
heim Glacier in East Greenland captured glacier motion during multiple buoyancy-
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driven calving events in 2013 (Murray et al., 2015a). During each calving event, in-
struments located on ice within ∼1 km of the terminus recorded the front of the glacier
being displaced ∼10 cm up-glacier for ∼300 s during the first stages of iceberg calv-
ing (Murray et al., 2015a). The glacier front then moves through and forward of its
pre-event position before returning to equilibrium. The shape of these displacement
records is in close agreement with the shape of horizontal-force records from the labo-
ratory experiments (Figure 3.5A).
During the first ∼600 s of the tank time series, the pressure records are out of
phase with the horizontal forces (grey-shaded portions of panels in Figure 3.4). After
the horizontal force crosses zero, the pressure records become generally in phase with
the horizontal force (Figure 3.4). A pressure decrease results in a vertical force on the
solid Earth, oriented upwards. During the acceleration phase of the force history (‘a’
in the upper left panel of Figure 3.4), the up-glacier horizontal force combined with
the negative pressure values result in an up-glacier, upward force acting on the glacier.
This geometry is consistent with that estimated for the majority of the 450 glacial
earthquakes that have occurred at 15 glaciers around Greenland over the last three
decades. This suggests that this part of the tank force histories accurately represents
the forces that generate the seismic signal. Following the up-glacier portion of the force
history, the force and pressure histories transition to being in phase for the iceberg-
deceleration portion of the time histories (‘b’ in the upper left panel of Figure 3.4).
In the ten laboratory force records we analyze in this study (Murray et al., 2015a;
Cathles et al., 2015), as well as in GPS records from several calving events (Murray
et al., 2015a), an up-glacier force is observed following the force reversal (‘c’ in the
upper left panel of Figure 3.4). This up-glacier force is ∼10-s long and reaches between
∼30% and 100% of the amplitude of the preceding up-glacier force. During this time,
laboratory force and pressure histories are in phase (white portion of panels in Figure
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3.4), representing a force oriented upglacier and downward. Based on videos from the
tank experiments (Cathles et al., 2015; Burton et al., 2012), we hypothesize that this
part of the force history is generated by the iceberg rotating past horizontal so that the
face of the iceberg that previously formed the iceberg’s top surface is driven below the
water surface, potentially coming in contact with the glacier’s calving face. Such over
rotation is also observed in some high-frame-rate images of buoyancy driven calving
in the field (e.g., James et al., 2014). During this portion of the force history the
laboratory experiments describe an up-glacier, downward force (‘c’ in the upper left
panel of Figure 3.4). This force orientation is very rarely observed in CSF analysis of
glacial-earthquake data, suggesting that this is not the part of the source that generates
the main seismic signal.
The remainder of the horizontal force and pressure time series for a given tank
experiment are in phase, and are not coherent between experiments. This final part of
the time series is attributed to water waves oscillating in the experimental tank (Cathles
et al., 2015; Burton et al., 2012). In the experimental set-up, measures are taken to
damp seiche modes following iceberg capsize (e.g., Murray et al., 2015a), but waves
are not fully eliminated. In glacier fjords, ice mélange serves to partially damp water
waves (e.g., Amundson et al., 2010), and corresponding oscillations are not observed in
glacier GPS data (Murray et al., 2015a).
In the following text we refer to the first ∼600 s of the source as the left-hand side,
from first signal onset around t = −600 s to the time of the first zero crossing of the
horizontal force (grey-shaded portions of panels in Figure 3.4). We refer to the time
period beginning at the first force zero crossing and including the ∼20 s down-glacier
force as well as the lower-amplitude up-glacier force that follows as the right-hand side
of the source (white portions of panels in Figure 3.4).
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Numerical-Modeling Results
Numerical simulations of iceberg capsize by Sergeant et al. (2018) produce horizontal
force histories that share characteristics with both laboratory and field observations
(Figure 3.5B). The model of Sergeant et al. (2018) is constructed using a 2D finite-
element approach and includes an approximation of hydrodynamic drag forces. The
model predicts the horizontal contact force between an iceberg and a glacier terminus
from the time of rotation onset through the time the iceberg loses contact with the
calving face. This is the portion of the seismic source understood to be generated by
iceberg acceleration as an iceberg’s center of mass moves away from the terminus during
rotation. The duration of the iceberg-acceleration phase predicted by Sergeant et al.
(2018) ranges from 100 – 200 s, and is controlled by both iceberg height and aspect ratio.
The modeled force histories have similar characteristics to those of both laboratory and
field observations, and consist of a gradual force increase followed by a rapid decrease to
zero as the iceberg loses contact with the terminus. The force histories display a steeper
slope as they approach peak force as aspect ratio increases (Figure 3.5B), an effect also
seen in laboratory results (Figure 3.4). Because the model of Sergeant et al. (2018)
describes force values only during the time the iceberg is in contact with the terminus,
it does not capture the iceberg-deceleration phase of the source that is captured in
laboratory and field observations. It therefore does not predict any down-glacier force
and captures only the first half of the rapid force reversal seen in field and laboratory
observations (Figure 3.5).
Limitations in Knowledge
While GPS observations, modeling results, and laboratory experiments provide impor-
tant constraints on our understanding of iceberg calving, there are limitations to each.
Laboratory experiments measure force and pressure only on the wall of the experimen-
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tal tank that represents the calving face, and do not record data directly on the calving
iceberg. GPS observations are limited to the glacier surface close to the terminus, but
do not include data directly from the calving face. Numerical experiments only detail
iceberg rotation through the time of loss of contact, and so do not describe forces active
during the full rotation of the iceberg. No observations exist from the rest of the sys-
tem (e.g., fjord walls, ice mélange, etc.) which hinders comprehensive understanding
of calving.
Details of the force history after the time of force reversal (e.g., the ‘right-hand
side’ of the force history) are particularly poorly constrained, which makes description
of the right-hand side of the source function challenging. Glacier displacement records
recorded by on-ice GPS (Murray et al., 2015a) become difficult to interpret after the
rapid force reversal, in part due to glacier acceleration immediately following buoyancy-
driven calving (Nettles et al., 2008). Laboratory records become less coherent after
the iceberg first reaches horizontal due to water waves in the tank. It is likely that
momentum is transferred to the tsunami that propagates away from the calving front
following glacial earthquakes, but investigation of that phenomenon is beyond the scope
of this study.
3.3 Methods
3.3.1 Construction of Synthetic Seismograms
We generate synthetic seismograms using force and pressure histories recorded during
a set of ten analog experiments of bottom-out iceberg capsize performed by Cathles
et al. (2015) and Murray et al. (2015a) (Figure 3.4). Bottom-out iceberg capsize is the
most commonly observed geometry for buoyancy-driven calving, and the only kind of
calving for which robust on-ice displacement records exist (Murray et al., 2015a). In
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analog tank experiments, bottom-out capsize occurs spontaneously when a tall, narrow
plastic iceberg is placed vertically within the water against one end of the tank. By
contrast, top-out capsize occurs in the laboratory only when an initial angle of rotation
for the iceberg is enforced. We consider only bottom-out calving events in this study.
We investigate calving of icebergs with aspect ratios of 0.22, 0.28, 0.43, and 0.54.
Laboratory results were scaled up to glacier dimensions (Burton et al., 2012; Mur-
ray et al., 2015a) to achieve iceberg dimensions consistent with field observations of
buoyancy-driven calving in Greenland. The scaled-up heights of the icebergs range
from 741 - 1000 m, cross-glacier lengths range from 2360 - 3000 m, and along-glacier
widths range from ∼160 – 430 m, consistent with observed dimensions of icebergs from
Jakobshavn Isbræ and Helheim Glacier (e.g., Murray et al., 2015c; James et al., 2014;
Walter et al., 2012). Two to four different iceberg sizes are considered for each aspect
ratio.
We smooth the force and pressure data collected in the laboratory experiments
using a 5-s moving average to remove high-frequency instrument noise, and remove the
mean background signal using 350 s of each record before signal onset. To convert
pressure records to vertical-force values we multiply each pressure time series by the
basal area of the unrotated iceberg used for each experiment. Clearly, this conversion
will represent a simplification compared to the true ice-water-rock system.
In all experiments, t = 0 is defined as the time at which the capsizing iceberg first
reaches horizontal. To generate each seismic source we trim the records to begin at t
= −600 s, which is the approximate time at which the signal first deviates from zero.
Following iceberg capsize, water waves oscillate in the tank and dominate both force
and pressure records to an extent not expected in the field due to damping from ice
mélange (e.g., Amundson et al., 2010). We trim the right side of each record to t = +50
s, which allows us to include source signal consistent in character across experiments,
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while omitting the majority of later water-driven oscillations.
To construct the synthetic seismograms, we parameterize the shape of each hor-
izontal and vertical input force independently using a set of isosceles triangles with
durations of 10 s, fixed to overlap one another by 50%. We specify an initial westward
orientation for all horizontal forces, and an initial upwards orientation for all vertical
forces, consistent with the typical orientation of observed glacial-earthquake forces at
Helheim Glacier. Seismograms are calculated using normal-mode summation in the
preliminary reference Earth model (PREM; Dziewoński and Anderson, 1981) to a min-
imum period of 30 s. The horizontal and vertical force functions are included as the
term S(t) in the ground-motion equation. Seismograms are calculated for a synthetic
array of eleven stations located at epicentral distances between 10 and 70◦ from the
source and equally spaced 30◦ apart in azimuth. The station distribution is chosen to
represent the limited range of observing distances and azimuths available for analysis
of glacial earthquakes at Greenland glaciers. In this proof-of-concept study, we restrict
our analysis to noise-free synthetic seismograms.
3.3.2 Construction of Force-History Models
We construct a set of models of the earthquake force history of varying degrees of
complexity. We construct boxcar-shaped models by specifying the duration of the
source and that the force histories integrate to zero, the same technique employed
in previous glacial-earthquake analysis (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017). We perform experiments using boxcar models with 50-s
durations like those employed in previous studies (Figure 3.2), as well as experiments
using boxcar models with full durations ranging from 10 s to 600 s.
We construct a second set of models using simplified representations of the shape of
the force histories recorded in laboratory experiments and refer to this family of models
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as Fixed Source Time Function (FSTF) models. The inversion technique is identical
to that employed with boxcar force models, with the sole difference being the use of a
more complex force history. We represent the force-history shape in the FSTF models
using a series of isosceles triangles that overlap by 50%. All triangles have the same
duration, and relative amplitudes of the triangular sub-sources are fixed throughout
the inversion so that the input force shape is maintained.
GPS observations, laboratory observations, and numerical-modeling results are
in general agreement on the shape and duration of the left-hand side of the glacial-
earthquake source. We therefore construct the left-hand side of the majority of the mod-
els we use in this study based on these constraints. A second robust feature observed
in all three non-seismic datasets is the rapid force reversal from up- to down-glacier
orientation. Because seismic waves are efficiently generated by rapid force changes, this
feature is the most likely source of glacial-earthquake energy seen in the portion of the
source constrained by these datasets. We include a rapid force reversal in the majority
of models tested in this study, and note that the success of the simple 50-s boxcar
model likely stems from the fact that it too captures a rapid reversal in force orienta-
tion. Additionally, GPS observations and laboratory results both have horizontal and
vertical force histories with generally similar shapes through the time of the rapid force
reversal. We therefore simplify construction of models in this study by specifying that
the vertical and horizontal force functions have the same shape in all boxcar and FSTF
models.
We refer to the three FSTF models we discuss in detail as Models A, B, and C.
We construct the left-hand sides of all three models identically, using an average shape
from the tank-derived force histories. This average is calculated by normalizing the
horizontal force histories recorded in eight of the tank experiments (two for each of the
four aspect ratios considered) and aligning them on the first zero-crossing time of the
98
force history (approximately t = −20 s). We then calculate the average of these time
series between t = −600 and 50 s.
The right-hand side of Model A is constructed to include the rapid force reversal
and ∼20 s down-glacier force taken from the tank-averaged time series. Model A does
not integrate to zero (Figure 3.6). The left-hand side of Model B is constructed using
the tank-average shape as described above, and the right-hand-side is constructed as
a triangle with area equal to that of the left-hand side. The maximum force on the
right-hand side of Model B is one half the value of the maximum force on the left-
hand side (Figure 3.6). Model C is constructed in the same way as Model B, with the
difference that the right-hand-side triangle has a maximum-force amplitude twice that
of the maximum-force amplitude on the left-hand side (Figure 3.6). Models B and C
integrate to zero.
We also perform inversions in which we estimate the source time function using a
technique developed for modeling seismic signals generated by landslides (Ekström and
Stark, 2013), and which we refer to as the Landslide Force History (LFH) technique.
In these inversions we restrict the force function to consist of a small number (4 – 8) of
isosceles triangles overlapping by 50%. We solve for the amplitude of each triangular
sub-source, and allow horizontal and vertical forces to vary independently. To minimize
oscillation in the force functions we apply a weak smoothing constraint to these models.
The force histories are constrained to integrate to zero.
3.3.3 Inversion Procedure
We bandpass filter the synthetic seismograms calculated in section 3.3.1, transformed
to ground velocity, to the period band 50 – 150 s, consistent with standard analysis
of glacial earthquakes. We invert each set of input seismograms using the analysis
approach employed in previous glacial-earthquake studies (e.g., Tsai and Ekström, 2007;
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Veitch and Nettles, 2012; Olsen and Nettles, 2017). Wave propagation is calculated
using PREM (Dziewoński and Anderson, 1981). Inversion outputs are assessed using
standard criteria including the fit to the data, inversion stability, recovery of input
geometry, time shift, and location.
Several measures of earthquake size are evaluated for each event. Because the tank-
derived force histories we use to generate the synthetic seismograms do not integrate to
zero, a zero-frequency MCSF value is not recovered. This arises from the fact that for
the tank-derived force histories the once-integrated force function with respect to time,
the impulse function, is not symmetric (Figure 3.2). For the same reason, the twice-
integrated force function does not converge to a constant value as it does with force
functions that integrate to zero. We choose to evaluate the impulse function and the
twice-integrated source function at the same point in time, when the impulse function
reaches its maximum value, which occurs at the time of the first zero crossing of the
horizontal force (Figures 3.2, 3.7). We refer to the value of the twice-integrated force
function, reported at the time of maximum impulse (Figure 3.2f), as M∗CSF to distin-
guish it from the zero-frequency MCSF value recovered using boxcar and LFH source
models (Figure 3.2c). Because of these differences in the once- and twice-integrated
values reported in this study versus previous studies, we also consider a third metric
for glacial-earthquake size, maximum force, defined as the maximum absolute value of
the force history.
3.4 Results
Inversions conducted using a 50-s boxcar-shaped source model return maximum-force
values between 0.25 and 0.33 of the true maximum-force values of the input source
(Figure 3.8). The corresponding maximum impulse and twice-integrated force history
values returned by the model are ∼0.05–0.01 those of the true values, primarily because
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the duration of this model is less than 10% that of the input source. The 50-s boxcar
model produces very good fits to the tank-derived waveforms, with misfit values of
approximately 0.2 (Figure 3.8e).
All three of the tank-derived models, Models A, B, and C, recover the maximum-
force value to within 50% of the input value (Figure 3.8a). Model C most closely
reproduces input maximum-force values, to within 20% of true values, for the ten
experiments presented in this study.
The best recovery of maximum impulse and MCSF values is achieved using models
A and C. For experiments using icebergs with aspect ratios of 0.22 or 0.28, Model C
underestimates maximum impulse values by an average of 44% and overestimates the
maximum impulse values of experiments with aspect ratios of 0.43 and 0.54 by 3%
and ∼25%, respectively. For experiments using icebergs with aspect ratios of 0.22 or
0.28, Model A underestimates maximum impulse values by an average of 43%, and
overestimates the maximum impulse values of experiments with aspect ratios of 0.43
and 0.54 by 1% and 25%, respectively. A similar aspect-ratio dependence is observed
in the M∗CSF values for both Models A and C. Model B overpredicts maximum-impulse
values, especially at larger aspect ratios, and overpredicts MCSF values by factors of
>2 – 8.
Experiments using Models A and C produce low misfit values, with model seis-
mograms that fit the input seismograms well. Experiments using Model A produce an
average misfit value of 0.15, with misfit values ranging from 0.05 – 0.25. The average
misfit value for experiments using Model C is 0.17, with misfit values ranging from 0.06
– 0.32. Waveforms generated using Model B are longer period than input seismograms,
and the poorer fit to data is reflected in misfit values between 0.44 and 0.76.
A 50-s LFH force model constructed using four overlapping isosceles triangles with
half durations of 10 s each returns maximum-force values between 0.5 and 0.7 of the
101
maximum input force (Figure 3.8a). Impulse and MCSF values recovered by this model
are >1% of input values. The LFH force model explains the data less well than the
FSTF models do, and misfit values using this model are between 0.18 and 0.4.
Input force azimuths are very well recovered by all models tested, never deviating
from the input values by more than 1◦ (Figure 3.8d). By convention, the force azimuth
reported is the force orientation of the first part of the force history (during the iceberg-
acceleration phase of the source). Event locations are also recovered well by all models:
latitude values are recovered to within 2 km, and longitude values to within 8 km. The
plunge of the input model varies with time, while the inversion procedure for CSF and
FSTF models estimates a single value. Therefore, we do not directly compare input
and recovered plunge values, but instead note that the shallow plunge values recovered
by all FSTF and CSF models in this study (0 – 36◦) are consistent with the majority of
plunge values during the left-hand side of the force history, as well as with the plunge
values in the glacial-earthquake catalog (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017).
3.5 Discussion
Although the boxcar model underpredicts MCSF values, maximum-force values are sur-
prisingly well recovered, and, encouragingly, the underprediction is by a nearly constant
value, across iceberg mass and aspect ratio. Recovery of all seismic-magnitude metrics
is improved with the LFH and tank-derived models. Model C appears to be the best
choice among the models tested, due to its low misfit values and ability to recover in-
put maximum-force and orientation values robustly. In this section, we consider model
characteristics that control successful recovery of input values, and test the FSTF ap-
proach on real data. We explore the relationship between maximum-force values and
iceberg size, and discuss future work needed to construct a scaling relationship.
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3.5.1 Key Components of an Improved Source Model
In order to evaluate the characteristics needed for a simple but useful representation
of the glacial-earthquake source, we consider features that control how well source
parameters are recovered. Given the long (hundreds of seconds) force histories of the
laboratory, field, and numerical constraints, it is surprising that the 50-s boxcar model
recovers source parameters as well as it does, despite having a duration < 10% that of
the synthetic sources we test and a symmetric shape. It is likely that the boxcar model
works well because it contains a rapid force reversal that is similar to that contained
in the synthetic sources. Indeed, the boxcar model’s short duration means that it
overlaps only with the portion of the source function dominated by the rapid force
reversal (Figure 3.9a). The similarity of the shape of the force reversal across all ten
laboratory experiments likely explains why the misfit values for all experiments using
a boxcar model are similarly low, around 0.2 (Figure 3.8e), and why the boxcar model
works well with real data.
As with the boxcar models, the key feature controlling the ability of FSTF models
to recover accurate estimates of input data appears to be the presence of a rapid force
reversal. Models A and C have the largest peak-to-peak force reversal across the same
duration, and these two models do a better job recovering seismic estimates of size
than Model B (Figure 3.8a – c), which has a peak-to-peak amplitude that is half that
of Model C over the same interval (Figure 3.9). We construct an additional 16 FSTF
models to thoroughly investigate the effect of model shape on input-value recovery, and
find that models which lack a steep force reversal and instead reverse force orientation
over a longer time interval have high misfits and poor recovery of input parameters. For
example, a sine-wave model with a wavelength of 200 s returns synthetic seismograms
that fit the input data poorly, poorly recover maximum-force values, and produces
misfit values around 0.9. All models we construct with a rapid force reversal recover
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input parameters more accurately.
In addition to a rapid force reversal, the shapes of the left- and right-hand sides
of the FSTF models appear to play a role in the recovery of input parameters. As
expected, models informed by the shape of the input source, such as Models A, B, and
C, do a better job recovering input parameters than the boxcar model. We find that
models constructed using the tank-average shape for the left-hand side of the source do
a better job of recovering input parameters than do FSTF models with similar durations
that use the simpler approximation of constructing the left-hand side of the source out
of a single right triangle.
We find very poor fits to the seismograms using an FSTF model constructed using
the tank-average left-hand-side but that stops at the first zero crossing of the force,
entirely omitting the right-hand side. This suggests that information contained in
the force history after the first zero crossing plays an important role in seismic-signal
generation in the frequency band of interest.
However, models with right-hand-side durations equal to or greater than the left-
hand side, like Model B (Figure 3.6), also result in poor fits to the data. We find that
a model similar to Model B, but with a much shorter right-hand-side duration (100
s, as opposed to ∼800 s; not shown here), has lower misfit values than Model B and
more accurately recovers maximum-force values. Model C, which captures the high-
amplitude force reversal and has a right-hand duration of 200 s, provides the best fit
to data of the ∼20 models we test.
The FSTF models recover seismic-magnitude values significantly better than the
boxcar model does, despite the fact that waveform fits are comparable between the two
types of models (Figure 3.10). This result highlights a limitation of the long-period
seismic data: the data are insufficiently sensitive to the shape of the source function
to discriminate one source function from another based on waveform fits alone, as
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previously recognized by Tsai et al. (2008). However, our results demonstrate that
including knowledge of the source shape derived from other datasets can markedly
improve recovery of glacial-earthquake magnitude parameters.
3.5.2 Limitations on Direct Inversion for Force History
In addition to experiments using the fixed model shapes of the boxcar model and the
suite of FSTF models, we experiment with using a simple version of the Landslide-
Force-History technique to invert directly for the shape of the glacial-earthquake force
function. We find that a simple 50-s LFH model with four sub-sources overlapping
by 50% reproduces the input force to within 50% (Figure 3.8e). Misfits for these
experiments are higher than those using a boxcar model, but are within the range found
for published glacial earthquakes. Extending the duration of the four sub-sources to 40
s, resulting in a full source duration of 100 s, produces maximum-force values similar
to results using a 50-s LFH model, and similar fits to data. However, all evidence
points to a source function that is significantly longer than 100 s, yet experiments that
further lengthen the duration of each sub-source lead to poor parameter recovery and
high misfits. This is likely due to the fact that a rapid force reversal is not captured by
an LFH source when long-duration sub-sources (≥50 s) are used. We also experiment
with increasing the number of shorter-duration (10 - 20 s) sub-sources as an alternative
way to increase the full source duration. However, higher numbers of sub-sources lead
to force histories that contain multiple rapid force oscillations which are inconsistent
with our knowledge of the left-hand side of the source. In addition, these experiments
frequently return down-glacier force orientations, 180◦ from the input orientation.
We perform a set of experiments using a suite of LFH models with different dura-
tions to invert ten glacial earthquakes that occurred at Helheim Glacier and Jakobshavn
Isbræ. We construct the models to have full durations between 40 and 80 s, using four
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to eight overlapping sub-sources. We find high misfit values (0.4 – 0.8) using the model
with 40 s durations, and force histories that oscillate in what we believe to be a non-
physical way for many of the glacial earthquakes using the 70- and 80-s models, similar
to the behavior we observe in the experiments using synthetic data.
We conclude that the available seismic data are not sufficient to constrain the
shape of the glacial-earthquake source function on their own. While the LFH-modeling
technique has proven successful with landslide data (Ekström and Stark, 2013), glacial-
earthquake data constraints are poorer, due in part to longer source-to-station dis-
tances for glacial earthquakes and poorer azimuthal station coverage. Our experiments
using synthetic data show that even with a uniform azimuthal distribution of stations
at teleseismic distances similar to those used in glacial-earthquake analysis, the LFH
technique is unable to robustly reproduce the duration or maximum-force amplitudes
of input glacial-earthquake force histories.
Sergeant et al. (2016) have also addressed the question of solving directly for the
force history of a glacial earthquake. They use a deconvolution technique to attempt to
recover the source function from displacement seismograms. However, the force histories
they recover contain rapid oscillations in both the horizontal and vertical forces, which
are not observed in any of the independent constraints on the shape of the force history
from laboratory or field observations. These rapid force oscillations have no physical
basis, and we therefore do not consider these results to be accurate representations of
glacial-earthquake force histories.
While ideally we could obtain a description of the full force history directly, neither
the LFH approach nor the approach of Sergeant et al. (2016) produces results we deem
satisfactory. In addition to challenges to analyzing real glacial earthquakes due to
non-uniform station coverage and large source-to-station distances, the seismic data
are only weakly sensitive to the low-amplitude, long-period part of the signal used in
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determining the character of the source. Because of these limitations, we turn to the
FSTF approach as a simple path forward for improving source-parameter estimates.
3.5.3 Maximum Force as a Preferred Metric of
Glacial-Earthquake Size
Because of its integrated nature, estimated MCSF values are highly sensitive to the
shape and duration of the specified force-time function. As long as the true duration
and shape of a glacial-earthquake source function are unknown, serious limitations exist
in the use of the MCSF metric and its interpretation. However, our experiments show
that the value of the maximum force acting during a glacial earthquake can be recovered
robustly. For this reason, we suggest that the maximum force provides a better, simple
measure of glacial-earthquake size than the MCSF value that has been reported to date
in the glacial-earthquake literature (Tsai and Ekström, 2007; Veitch and Nettles, 2012;
Olsen and Nettles, 2017, 2019). The recovered maximum-force value is far less sensitive
to assumptions about the force-time history than is the MCSF value.
For the majority of sources, the maximum-force value occurs at the end of the rapid
force reversal (Figure 3.4), when the force is oriented downglacier. The exceptions are
the two laboratory experiments conducted using icebergs with aspect ratios of 0.22
(Experiments 1 and 2), in which the maximum-force values occur at the beginning
of the rapid force reversal, with the force oriented upglacier. In experiments involving
icebergs with aspect ratios of 0.43 and 0.54, the peak downglacier force has an amplitude
approximately double that of the peak upglacier force, whereas in the experiments with
smaller aspect ratios the peak up and downglacier force amplitudes are approximately
equal. Therefore, a model’s success in recovering maximum-force values lies partly in
its ability to capture the peak force value that occurs as part of the rapid force reversal.
Sergeant et al. (2019) also consider the maximum force generated during a rota-
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tional calving event, and discuss advantages to this size metric as opposed to MCSF .
However, they calculate maximum-force values using a force model that describes only
the acceleration-phase of iceberg capsize, and does not include the iceberg deceleration
phase of the force history. Because 8 out of 10 of the laboratory experiments we con-
sider in this study have maximum-force values at the end of the rapid force reversal,
with the force oriented downglacier, we believe this portion of the force history is nec-
essary to include for accurate description of maximum glacial-earthquake force values.
The technique of Sergeant et al. (2019) relies on fitting a force time series deconvolved
from ground-motion seismograms to a catalog of modeled force histories that have been
bandpass filtered. Because this technique omits the deceleration phase of the force his-
tory, bias may be introduced in maximum-force estimates if the deceleration phase of
the source contributes to the seismic signal, which we believe it does. We therefore
favor the FSTF technique for estimating maximum force, using a model that represent
both the acceleration and deceleration phases of the seismic source function.
All evidence points to a true glacial-earthquake source duration longer than 50 s,
which means that the MCSF values reported in the glacial-earthquake literature likely
underestimate true MCSF values. Our experiments with synthetic data demonstrate
that MCSF values recovered using the 50-s boxcar model underestimate the twice-
integrated force function values by approximately an order of magnitude. However,
maximum-force values can be calculated from the MCSF values estimated in previous
studies using a boxcar-shaped model (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017) in a straightforward manner; our results suggest that
multiplication of these maximum-force values by a factor of 3-4 would bring them close
to the likely true values. As expected, these peak force values, generated primarily
by horizontal acceleration of the iceberg mass during capsize, are smaller than peak
force values expected for acceleration due to gravity, suggesting that peak force values
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calculated from MCSF values are within a realistic range. These peak force values
are also within the range of force values retrieved for landslides with similar masses
(Ekström and Stark, 2013).
3.5.4 Relationship between Maximum Force and Iceberg
Mass, Revisited
All three measures of glacial-earthquake size that we consider, maximum force, maxi-
mum impulse, and M∗CSF , read from the force histories of the 10 tank experiments dis-
cussed in this study, correlate with iceberg mass (grey squares in Figure 3.11). Slightly
different trends are observed for laboratory experiments with different aspect ratios,
however the dominant relationship in all cases is an increase in each of the three seismic-
magnitude parameters with increasing iceberg size. Analog icebergs with aspect ratios
of 0.22 and 0.28 demonstrate a slightly different trend than those with aspect ratios
of 0.43 and 0.54 (Figure 3.11a), due to the higher peak amplitudes of the down-glacier
force recorded in experiments with larger aspect ratios, compared to those with smaller
aspect ratios (Figure 3.4).
Like the direct observations of force from the tank experiments, the seismic-
magnitude values recovered using all five of the models discussed in detail in this study
correlate positively with iceberg mass (Figure 3.11). Models A, B, and C do a better
job capturing the relationship between iceberg mass and maximum force than does the
boxcar model, and the FSTF models also do a fairly good job capturing the relationship
between iceberg mass and maximum impulse (Figure 3.11b).
Improved recovery of all three seismic-magnitude metrics by Models A and C
(Figures 3.8, 3.11) is encouraging, and suggests the potential utility of reanalyzing
glacial-earthquake data using a more-sophisticated model. We use Model C in an FSTF
analysis of twelve glacial earthquakes previously analyzed using the 50-s boxcar model
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(these events are shown as circles and squares in Figure 3.1) to test the approach. As for
the results with the boxcar model, we recover maximum-force values that are positively
correlated with iceberg mass (Figure 3.12). As expected from our synthetic experiments,
maximum-force values recovered using Model C are higher than those calculated for
the same events using the boxcar model. The values for the real earthquakes obtained
using Model C occupy approximately the same space in the maximum-force vs. mass
diagram as the values from the tank experiments, suggesting that the values are likely
to be realistic.
The seismically recovered maximum-force values for a number of landslides (Ek-
ström and Stark, 2013; Hibert et al., 2014, 2015) are approximately an order of magni-
tude larger than maximum-force values recovered for glacial earthquakes with similar
masses (Figure 3.12), and than the values for the scaled-up tank experiments. Data
constraints are better for landslides, and as expected less scatter is seen in these data.
Assuming mass remains constant throughout the duration of an iceberg-calving event
or a landslide, acceleration values for glacial earthquakes and landslides can be com-
pared by dividing the maximum force of each event by its mass. Landslide acceleration
values are ∼2 m/s2, whereas the maximum acceleration values for icebergs, estimated
using Model C, are an order of magnitude lower, ranging from 0.21 – 0.38 m/s2. The
lower values for icebergs may be due to hydrodynamic effects of water interacting with
the iceberg while it rotates, limiting iceberg acceleration. Obtaining greater accuracy
in such estimates would provide important, quantitative constraints on the physics of
the calving process.
Sergeant et al. (2019) use a different approach to investigate the relationship be-
tween seismic magnitude and iceberg size. They estimate force histories using a de-
convolution technique, and compare them to numerically modeled force histories for
capsize of a range of iceberg sizes. By performing a grid search over possible modeled
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force histories, they identify the height and iceberg aspect ratio of the model that most
closely fits the data. They then consider a range of plausible iceberg cross-flow-length
values and calculate an average volume estimate for a single iceberg. The iceberg vol-
umes estimated using this technique come from model results; Sergeant et al. (2019) do
not have independent estimates of iceberg size. Whereas we observe only a minor de-
pendence of seismic-magnitude parameters on iceberg aspect ratio, a clear aspect-ratio
dependence is observed in the relationship reported by Sergeant et al. (2019) between
maximum force and model predictions of iceberg size. We discuss the need for further
exploration of aspect-ratio dependence in the following section.
3.5.5 Current Limitations and Future Outlook
Refining the models presented here and ultimately constructing an optimized source
model to use in glacial-earthquake analysis moving forward will require both further
experimentation with seismic data and the collection of additional non-seismic infor-
mation to elucidate the full nature of the seismic source. Uncertainty regarding the
character of the right-hand side of the source is currently a key limitation, and further
observations of calving in the laboratory and the field are needed to clarify the character
of this deceleration phase.
Future synthetic tests should incorporate realistic approximations of seismic noise
and investigate the effect this has on source-parameter recovery. We anticipate the
effect of noise will be small, however, based on synthetic experiments we perform to
test the effect of un-modeled Earth structure on parameter recovery. Using different
Earth models for synthetic seismogram generation and waveform modeling produces a
larger discrepancy between input and output seismograms than the addition of seismic
noise is expected to have. Nevertheless, the use of two different Earth models has only
a minor effect on azimuthal values, on the order of 3◦, and affects plunge values by a
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similarly small amount (∼5◦). Location perturbations resulting from addition of un-
modeled Earth structure are within the location uncertainties when using long-period
data.
The role aspect ratios play in determining the shape of force histories is also worth
exploring further. Laboratory experiments show minor differences in force shape for
icebergs with aspect ratios between 0.22 and 0.54. Because the aspect ratios of the
icebergs that generate glacial earthquakes is rarely known, routine estimation of source
parameters requires a model capable of recovering source parameters for icebergs with
a range of aspect ratios. Additional laboratory experiments exploring a larger range of
aspect ratios are needed to quantify the effect this variable has on recovery of source
parameters.
The force histories of top-out calving events should also be considered in future
work. Like aspect ratio, the rotation direction of a calving iceberg has an effect on
the shape of the force histories recorded in laboratory experiments. Though top-out
buoyancy-driven calving is observed in the field less frequently than bottom-out calving,
investigation into the ability of an FSTF model based on bottom-out calving to recover
source parameters for a top-out calving event is needed to fully quantify the range of
parameter uncertainties involved with using the FSTF technique.
Future work should also investigate the effect of using models with different shapes
for the horizontal and vertical force histories generated by a calving iceberg. Con-
structing a model for the vertical force history using pressure records from laboratory
experiments, converted to vertical force, may improve source-parameter recovery. This
may be especially helpful in modeling the deceleration phase of glacial earthquakes,
as both field observations of glacial earthquakes (Murray et al., 2015a) and tank force
histories (Cathles et al., 2015) show that the vertical- and horizontal-force histories
differ in shape most notably after the rapid force reversal.
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Known relationships between scalar moment and earthquake source duration are
used to choose time functions for CMT analysis of tectonic earthquakes (Ekström and
Nettles, 2014), and may aid in modeling of glacial earthquakes, particularly in light of
the range of iceberg sizes now known to generate glacial earthquakes (Olsen and Nettles,
2019). To explore this possibility, additional investigation into the effect of scaling the
shape or duration of an FSTF model based on initial estimates of glacial-earthquake
size is needed.
3.6 Conclusions
In this study, we have explored the feasibility of improving estimates of glacial-earthquake
source parameters through incorporation of improved knowledge of the earthquake
force-time function. In particular, we explore the utility of replacing the boxcar-shaped
function used in much previous work (Tsai and Ekström, 2007; Veitch and Nettles,
2012; Olsen and Nettles, 2017, 2019) with a more sophisticated time function based
on knowledge obtained from laboratory, field, and numerical-modeling studies (Cathles
et al., 2015; Murray et al., 2015a; Sergeant et al., 2018).
We demonstrate that, even without a full physical description of the glacial-
earthquake source, estimates of source parameters can be obtained by this straight-
forward extension of the centroid-single-force modeling approach. We find that the
rapid force reversal, from upglacier to downglacier, is the most important feature for a
force-time model to include; this finding likely explains the success of the boxcar model
used in earlier studies. Previous modeling work (Sergeant et al., 2018) focused exclu-
sively on the acceleration phase of the glacial-earthquake source, however we find that
the deceleration phase of the source function also plays a role in generating waveforms
that has not previously been appreciated.
Our preferred model, Model C, captures the gradual force onset observed in the
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acceleration phase of the laboratory experiments we investigate. It contains the rapid
force reversal from up to downglacier, and contains a ∼200 s deceleration phase. Model
C recovers well source parameters for icebergs with a range of aspect ratios, which is
important given our limited knowledge of the true aspect ratios of capsizing icebergs.
Moving forward, key areas to explore with this model include the forces generated by
icebergs that rotate top-out during calving, and the incorporation of different force
histories for vertical and horizontal forces.
The waveform-modeling approach we apply in this study is simple, computationally
efficient, and returns robust estimates of source parameters despite the data-quality
limitations inherent to work with glacial earthquakes. By incorporating non-seismic
constraints on the shape of the force history, we overcome limitations associated with
the sensitivity of seismic data and produce better recovery of seismic-magnitude values.
Using a set of experiments on synthetic seismograms, we demonstrate that the
maximum force generated by a calving iceberg can be more accurately retrieved than the
twice-integrated force value, MCSF . We therefore prefer maximum force as a seismically
derived measure of glacial-earthquake size because it is a simple metric that is far less
sensitive to modeling choices than integrated measures. We find that maximum-force
values associated with the MCSF values reported for the events in the published glacial-
earthquake catalog likely underpredict true maximum-force values for these events by a
factor of 3–4 due to the short duration and fixed shape of the 50-s boxcar model used,
but that the underprediction is nearly constant across iceberg mass and aspect ratio.
Our results help clarify the relationship between iceberg mass and seismic ob-
servables, moving us closer to the use of glacial-earthquake data as a geophysical tool
for mass-loss estimation. Maximum-force values for glacial earthquakes derived using
our preferred simple model of the earthquake source are approximately an order of
magnitude smaller than those generated by landslides of comparable mass (Ekström
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and Stark, 2013), suggesting the potential utility of further comparison between these
two phenomena, and the opportunity to gain additional insight into the physics of the
calving process.
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Figure 3.1: Comparison between MCSF and iceberg surface area, updated from Olsen and Nettles
(2019). Multicolored and black symbols represent glacial earthquakes at Jakobshavn
Isbræ and Helheim Glacier, modeled using a 50-s boxcar time function. Event details
for multicolored symbols are given in Figure 9 of Chapter 2 and Olsen and Nettles
(2019). Black symbols represent calving events at Helheim Glacier, newly analyzed in
this study using a 50-s boxcar time function. These events are reported in Murray
et al. (2015c), and iceberg area estimates are courtesy of Timothy James. From left
to right in the figure, the dates and times of the events represented by black symbols
are: 2013/7/26 01:43; 2013/05/25 13:03; 2013/08/08 06:50; summed MCSF and iceberg
area from two events: 2013/07/24 19:37 and 19:39; 2013/07/25 12:56; 2013/07/30 20:01;
summed MCSF and iceberg area from two events: 2013/08/14 23:41 and 23:50. Grey
lines represent values expected from a simple model of the relationship between iceberg
area and MCSF in which iceberg aspect ratio is 0.25 and iceberg height is fixed at either
1,000 m (dark grey) or 700 m (light grey), as described in Section 5.5 of Chapter 2 and
Olsen and Nettles (2019). White symbols represent the predicted MCSF values for each
large glacial earthquake according to the simple model and given the observed iceberg
dimensions for each event. White symbols are not presented for the events represented
by red stars because these are very small glacial earthquakes for which signal-to-noise
ratios are lower than for standard glacial earthquakes and MCSF estimates may be less
robust.
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Figure 3.2: Force histories and integrated quantities for (a) the 50-s boxcar model and (d) laboratory
experiment Source 5 of Figure 3.4. The first row in each column shows force histories.
FMax in panel (d) identifies the maximum force for this particular force history. The
second row in each column shows the integral with respect to time of each force history
(the impulse history). In panel (e) the time of the maximum impulse value (IMax) for
this particular force history is identified by the grey dashed line. For the boxcar model,
the maximum impulse value occurs at t = 0. The third row shows the second integral
with respect to time of each force history. For the boxcar model, the twice-integrated
force history reaches its final value at t = 25 s and then remains constant; this constant
value is referred to as MCSF in glacial-earthquake literature. For the tank-derived force
history, which does not integrate to zero, we in this study evaluate the twice-integrated
force history at the time of the maximum impulse value, denoted by the grey dashed
line, and refer to this value as M∗CSF .
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Figure 3.3: Source parameters for 15 glacial earthquakes estimated using boxcar models with source
durations from 10 – 100 s. Each set of connected colored points represents results from a
different glacial-earthquake event, modeled using increasing source durations. Top panel
shows magnitude results (MCSF ) for each experiment, second and third panels show
results for the orientation of each glacial-earthquake force in the horizontal (azimuth)
and vertical (plunge) planes.
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Figure 3.4: Normalized (red) horizontal-force and (black) pressure histories for the ten laboratory
experiments used as seismic sources in this study. Grey shading identifies the part of
the time series referred to in the text as the ‘left-hand side’; white background identifies
the part of the time series referred to as the ‘right-hand side’. Each force and pressure
history is normalized by the part of the timeseries within the grey-shaded region. AR:
aspect ratio. Scaled-up dimensions for each analog iceberg are given beside each event,
below the Experiment number. L: iceberg length in m scaled up to glacier dimensions;
H: iceberg height in m scaled up to glacier dimensions. Positive vertical-axis values
represent horizontal force in the up-glacier direction, and an increase in pressure. Time
= 0 in each experiment represents the time at which the capsizing iceberg first reached
horizontal. ‘a’, ‘b’, and ‘c’ in the top left panel refer to parts of the horizontal-force
histories discussed in the text.
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B
Figure modified from Sergeant et al., 2018
Figure 3.5: Constraints on the glacial-earthquake source from previous studies. A. From Murray
et al. (2015a). Top two panels show laboratory data (black lines), scaled up to glacier
dimensions and used to predict position deflections, compared to horizontal GPS dis-
placement data (blue) and vertical GPS displacement data (red) collected during an
iceberg-calving event. Bottom three photographs show the capsize stages of the analog
iceberg that generated the laboratory data. Image times are indicated by the dashed and
solid grey lines in the upper two panels. Analog iceberg aspect ratio is 0.22. B. Figure
modified from Sergeant et al. (2018), Figure 9. Horizontal-force histories calculated using
a finite-element model for bottom-out calving events with three different aspect ratios
(ε).
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Figure 3.6: Fixed-source-time-function (FSTF) models used in this study. Left-hand side of each
force history, from t = −600 s to the first zero crossing, is calculated by aligning the
normalized horizontal force histories recorded during eight laboratory experiments on
their zero-crossing time and taking the average. The portion of Model A after the zero-
crossing time is also taken from the laboratory average. The portion of Model B after
the zero-crossing time is constructed so that the maximum-force value is one half of the
maximum value on the left-hand side, and the areas of the two sides are equal. The
portion of Model C after the zero-crossing time is constructed so that the maximum-
force value is twice the maximum value on the left-hand side, and the areas of the two
sides are equal.
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Figure 3.7: Force history for laboratory experiment 8 and recovered history using Model C. Input
vertical force not shown. Panels on right show once- and twice-integrated force histories.
Dashed grey line indicates the time of the maximum impulse value of the input source.
The value of the twice-integrated force history of the source discussed in the text is
measured at the time of the grey dashed line.
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Figure 3.8: Source-parameter recovery results for the five models discussed in the text. Event number
(horizontal axes of all panels) refers to the laboratory experiments shown in Figure 3.4.
Panel (a) shows a comparison of maximum-force results (FMax identified as in Figure
3.2d). Panel (b) shows a comparison of maximum-impulse results (IMax identified as
in Figure 3.2e). Panel (c) shows a comparison of M∗CSF results (M
∗
CSF identified as in
Figure 3.2f). Panel (d) shows the difference between input and recovered force azimuth
for each event in degrees E of N. Panel (e) shows inversion misfit values for each model.
Some symbols plot beneath others, and some data points for Model B in panel (c) plot
beyond the limits of the figure.
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Figure 3.9: Horizontal-force data from Experiment 5 (Figure 3.4), shown with the east-west com-
ponents of the horizontal-force results recovered using the five models described in this
study. Model B extends beyond the edge of the figure, to ∼800 s.
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Boxcar Model Model C
Figure 3.10: Seismograms (black) showing surface waves generated using tank-derived Experiment
1 (Figure 3.4) and best-fit waveforms (red) calculated using a 50-s boxcar model (left
panel) and Model C (right panel). Seismograms are calculated at a synthetic station
located at azimuth 240◦ E of N and distance ∼40◦ from the event location. All data
are velocity records, bandpass filtered to 50-150 s. The channel names LHE, LHN, and
LHZ refer to the east, north, and vertical components of ground motion, and LONG
and TRAN refer to records of longitudinal and transverse motion calculated by rotating
the horizontal time series.
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Figure 3.11: Measures of seismic magnitude versus mass for tank-derived data and model results.
Laboratory mass values (“Tank Exp.”) are measured from scaled-up analog iceberg
dimensions. Laboratory maximum force, maximum impulse, and twice-integrated F(t)
values (M∗CSF ) are measured as shown in Figure 3.2 and described in section 3.3.3. Black
dotted line indicates best fit to the four laboratory experiments with large aspect ratios
(0.43 and 0.54). Black dashed line indicates best fit to the six laboratory experiments
with small aspect ratios (0.22 and 0.28).
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Figure 3.12: Maximum force values versus mass for (blue diamonds) landslides analyzed by Ek-
ström and Stark (2013), Hibert et al. (2014), and Hibert et al. (2015); (grey squares)
measured maximum-force values and iceberg masses from the ten scaled-up laboratory
experiments used in this study; (red circles) twelve glacial earthquakes shown as circles,
squares, and blue star in Figure 3.1 analyzed using a 50-s boxcar model, and (yellow
diamonds) analyzed using Model C.
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Conclusion
The research presented in this dissertation represents a step forward in our under-
standing of ice loss at the termini of Greenland tidewater glaciers. I have advanced
understanding of how ice is lost, both the driving mechanisms and the distribution of
iceberg sizes, when and where large calving events occur, and how calving behavior at
Greenland’s largest glaciers has evolved with time.
I employ the high-quality GLISN network located around Greenland to study
smaller glacial-earthquake signals than has previously been possible, and detail these
results in Chapter Two. I identify new, small seismic events before half of the glacial
earthquakes I investigate, and following one third of such events. My waveform-
modeling results demonstrate that these signals are small glacial earthquakes, gen-
erated by near-horizontal forces acting perpendicular to the glacier terminus. These
results expand our understanding of buoyancy-driven calving and demonstrate that
this mechanism acts on icebergs up to two orders of magnitude smaller than previously
realized. These results reveal ∼25% more mass loss through buoyancy-driven calving
than previously recognized, and highlight the strength of using multiple seismic analysis
techniques to investigate the forces exerted on the Earth during calving.
I present the first empirical relationships between the size of a glacial earthquake
and the volume of the iceberg lost. This important advance moves us closer to using
a seismological observable to remotely assess mass loss at distant glaciers. In Chap-
ter Two I demonstrate a relationship between iceberg size and MCSF , the integrated
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measure of glacial-earthquake size that has been reported to date. In Chapter Three I
further refine the ability of waveform-modeling results to describe iceberg size, through
development of new models of the glacial-earthquake source. I demonstrate that the
maximum force generated by an iceberg during calving is a robust size metric of glacial-
earthquake magnitude, and has the advantage of being relatively insensitive to modeling
choices. These results suggest testable hypotheses for future work.
My experiments using synthetic seismograms confirm that the force orientations
estimated in glacial-earthquake analysis are very robust, as are estimates of glacial-
earthquake location. This provides further evidence that seismically recovered source
parameters, such as those I calculate in Chapters One and Two, accurately record
changes occurring at a glacier terminus and can be used to examine Greenland-wide
trends of dynamic mass loss. The result is new knowledge about a glacier’s grounded
state, frequency of buoyancy-driven calving, and the range of iceberg sizes lost through
this mechanism. The work in this dissertation has global importance in its implications
for failure mechanisms of tall ice cliffs and terminus behavior around the Antarctic Ice
Sheet in addition to illuminating Greenland-wide patterns of mass loss. In addition
to furthering our knowledge of dynamic changes at Greenland glaciers, the research
in this dissertation advances our understanding of an increasingly important part of
the seismic wavefield, and therefore broadens our understanding of global seismicity.
Results from this dissertation set the stage for future advances in glacial seismology,
especially related to the use of improved seismic-magnitude estimates to calculate mass
loss from calving, using glacial earthquakes.
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